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THE VELOCITY OF ELECTRIC WAVES. 


By CLARENCE A. SAUNDERS. 


HE velocity of propagation of the front of electric disturb- 

ances along metallic conductors is, according to present ac- 
ceptance, equal to the velocity of light. This was indicated by 
the old theories ; it is a direct conclusion from Maxwell’s theory, 
and on the supposition that 4, in the expression for the electro- 
dynamic potential of two current elements upon each other, is 
equal to unity, is derivable from the equations of Helmholtz.} 
Nearly all of the early experiments made to determine “the 
velocity of electricity,” so called, dealt with the phenomena of cur- 
rent diffusion. The trail left by the electric perturbation in its 
propagation greatly affected the results, so that they were widely 
divergent. A great impetus was given to the subject by the pub- 
lication of Maxwell’s electro-magnetic theory, as the demonstra- 
tion of the equality of light-wave and electric-wave velocities 
seemed a strong verification of that theory. 

The methods that have been employed for the determination of 
the velocity of electric perturbations may be divided into two 
classes. 

(1) Direct methods, where the time taken by the disturbance 
to traverse a certain distance is observed, or where the two factors 
and 7 in the equation A = v7 are directly measured. 


1 Helmholtz, Wiss. Abh., Vol. L., pp. 539-544; Blondin, La Lumiére Electrique, Sept. 
29, 1894; No. 3, p. 121. 
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(2) Indirect methods, where the velocity depends in any way 
on a factor that is not observed, but calculated. 

With only one exception all the methods employing standing 
waves on wires have belonged to the latter class, for although 
the wave-length has been experimentally determined, the period 
has been calculated from Lord Kelvin’s well-known formula, 
T=2maVLK. The values of Z and X inserted in this formula 
have usually been those obtained under ordinary conditions, and 
not under the actual conditions of the experiment. 

The following investigation, undertaken at the suggestion of 
Professor Arthur G. Webster of Clark University, is also based on 
the phenomena of resonance. It is, however, a direct method, since 
both A and 7 are experimentally determined. Professor Trow- 
bridge and Mr. Duane! have recently published an article on the 
same subject, in which the same principle is employed. The 
present piece of work had been commenced, however, some time 
before, and was carried on without any knowledge of their being 
occupied in a similar line. 


Historical. 


In the course of the last fifty years numerous attempts have 
been made to directly determine the velocity of propagation of 
electric disturbances. Only a few such attempts, however, require 
to be mentioned here. 

In most cases telegraph wires were used, and as the phenomena 
dealt with were those of diffusion, the high permeability and 
specific resistance of the iron exercised a considerable retarding 
influence. In several instances, as, for example, in the case of 
submarine cables, the circuit possessed very great capacity. In 
such cases the velocity, being a function of the capacity, had no 
fixed value. For the detection of current, instruments with mag- 
nets were frequently employed, but the time required for these 
magnets to act could not be properly eliminated. The same objec- 
tion holds against the use of galvanometers. Owing to the lack of 
sensitiveness of the instruments, the arrival of the maximum, or 


1 American Journal of Science, XLIX., p. 297. April, 1895. 
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of a neighboring part of the wave of diffusion, and wot of its 
front, was indicated. 

The earliest attempt to measure the speed of propagation was 
that of Wheatstone! in 1834. The circuit consisted of a copper 
wire 731.5 m. long, and extended backward and forward so as 
to form twenty parallel lines 15 cm. apart. Three spark gaps were 
inserted, one at each end, and one in the center. These were 
arranged vertically one above another in front of a rotating 
mirror. 

Upon discharging a condenser through the circuit, the image of 
_ the central spark was found to be displaced with reference to the 
other two. The amount of this displacement, together with the 
speed of the mirror, furnished the data for computing the speed 
of propagation. The value found by Wheatstone was 463,000 Km. 
per second, or more than one and one-half times the velocity of 
light. It seems probable that this high value is to be accounted 
for by the form given to the circuit and the uncertainty in the 
measurements of displacement. 

In 1850 Fizeau,? in conjunction with Gounelle, made a series of 
experiments with wires, both of copper and of iron, the method 
employed being somewhat similar in principle to that used by him 
in the determination of the velocity of light. The circuits used 
were the telegraph lines between Paris and Amiens (314 Km.) 
and between Paris and Rouen (288 Km.). Fizeau’s measurements 
give a velocity of 101,700 Km. per second for iron wires, and 
172,200 Km. per second for copper. 

In 1875 W. Siemens* made a determination of the velocity by 
a method far superior to any hitherto used. His apparatus con- 
sisted of two Leyden jars, whose external armatures were united 
through a short wire. One internal armature was connected by a 
short wire to a metallic point placed opposite a rotating steel 
cylinder covered with smoke-black ; the other was connected with 
a long telegraph wire, which ended in a point opposite the cylinder 
near the first. The jars were charged, then discharged by joining 


1 Phil. Trans., Part II., p. 583, 1834; Pogg. Ann., 34, p. 464. 
2 Pogg. Ann., 80, p. 158; Comptes Rendus, 30, p. 437, 1850. 
8 Gesammelte Abhandlungen, p. 365; Ann. d Phys. und Chem., 157, p. 309. 


| 
| 
| 


84 CLARENCE A. SAUNDERS. [VoL. IV. 


the external armatures. The electricity of the internal armatures 
suddenly became free, and sparks took place — with an interval 
of time between their formation— between the points and the 
cylinder. Knowing the angular distance separating the sparks 
and the velocity of rotation of the cylinder, the time necessary for 
the discharge to traverse the length of the long telegraph wire 
could be calculated. Siemens’s experiments were made with iron 
wires, and gave values of v ranging from 202,600 to 250,600. 

The method employed by M. Blondlot! in 1893 was practically 
that of Siemens. Refinement in details, especially in the method 
of determining the interval of time between the two sparks, con- 
stitutes the chief difference. 

With a copper wire 1029 m. long the mean of the results 
obtained gave a velocity equal to 296,400 Km. per second. In 
another series of experiments on a line 1821.4 m. long the mean 
velocity was 298,000 Km. per second. 

In 1895 Professor Trowbridge and Mr. Duane? employed a 
method depending upon the principle of resonance. A condenser 
with its armatures connected by a short wire with an inserted 
spark-gap formed the primary. Opposite the primary condenser 
plates, and separated from them by plates of hard rubber, were 
two secondary plates, to which were attached two wires. These 
extended for a considerable distance parallel to one another, and 
ended in a secondary spark-gap. The primary and secondary were 
“tuned” to resonance, and the nodes and loops of the stationary 
waves set up in the secondary were measured by means of a 
bolometer. The period of these waves was obtained by photo- 
graphing the secondary spark after reflection from a rotating con- 
cave mirror. The wave-length and the period being thus known, 
the velocity of propagation was directly determined. The average 
of the results gave a velocity of 2.816 x 10 cm. per second. 
Later experiments by Messrs. Trowbridge and Duane,’ in which 
the method employed was the same, give the value 3.0024 x 10” 
cm. per second for the velocity of propagation. 


1 Comptes Rendus, 117, p. 543. October, 1893. 
2 American Journal of Science, XLIX., p. 297. April, 1895. 
3 Jbid., Vol. L., p. 104. August, 1895. 
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For the benefit of those who wish to enter somewhat fully into 
the history of the general subject of electric propagation an ex- 
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J. J. Thomson, Recent Researches in Electricity and Magnetism. Sd 


Method and Apparatus. 


Resonance is employed in the present experiments in the way 
indicated by Professor Oliver Lodge! in his experiments on the 
“recoil kick.” It was thought that, by refinement in the details 
and by the exercise of great care, this method of obtaining 
resonance could be made to furnish good results, and the sequel 
has confirmed the expectation. 

From the condenser X, (Fig. 1) two wires are stretched parallel 
to each other with spark-gaps at a and 4, thus forming a primary cir- 
cuit A and a secondary #2. If 


K== A j0 B b oscillatory sparks are formed at a 
l, l, by means of a Holtz machine, or 
Fig. 1. an induction coil, connected to the 


armatures of the condenser, oscillations are set up in the second- 
ary B. The period of the oscillations in the primary is governed 
by the self-induction and the capacity of the circuit, and can there- 
fore be varied by moving a back and forward. When the period 
of the primary approaches the natural period of the secondary, 
we have the phenomena of resonance, and violent oscillations are 
set up in B so that the 6 gap can be widened greatly before the 
sparks cease there. Maximum resonance is obtained when these 
periods are equal. If the circuit B act like an organ-pipe open at 


both ends, 4, =* (Oliver Lodge). The current is zero at the ends, t 


and the potential a maximum. If, however, the circuit act like a 


pipe closed at one end, /, = > The current at one end is a maxi- 


1 Proc. Roy. Soc., 50, p. 2, 1891. 
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mum, and at the other zero. The same is true of the potential. 
This latter case is the one my experiment deals with. The wave 
formed is the fundamental. 

A series of preliminary experiments was carried out with short 
wires. A spark micrometer was used at 4, and the number of 
turns of the screw between the lengths of the 4 spark, when the 
discharge indifferently chose 6 and a, and when the sparks ceased 
at 6 altogether, gave a measure of the resonance. The wave- 


length can be calculated from Lord Kelvin’s formula \ = 27 VL K, 
where Z is measured in electromagnetic, and X in electrostatic 
units. The value of Z can be obtained for parallel wires from Lord 


Rayleigh’s formula for very rapid oscillations: ZL = 4/log E, where 


6 is the distance separating the wires, and a is their radius. For 
our rectangular primary circuit, Z can approximately be consid- 
ered to consist of two parts: one for two wires of length /, and dis- 
tant apart 4 say, and the other for two wires of length 4, and 
distant /, from one another. The capacity of the condensers is 
probably somewhat different in the circumstances of the experi- 
ment from that measured by ordinary methods. Its value here is 
that under very rapid oscillations, while its determination is made 
under relatively slow alternations. The capacities of our different 
condensers — gallon Leyden jars of best Bohemian glass — were 
roughly obtained by comparison with a one-half microfarad con- 
denser, and also very carefully in electro-magnetic measure by the 
method described in Maxwell’s “ Electricity and Magnetism,” § 776, 
and somewhat modified by J. J. Thomson.! When a condenser is 
discharged x times per second through a galvanometer, the relation 
between its capacity and the resistance that will produce the same 
galvanometer deflection when inserted in the circuit instead of the 


condenser, is given by nK ==. By the use of Wheatstone’s 


bridge we can obtain this relation at once. The pairs of oppo- 
site points AB and BC of the bridge are respectively connected 
through the galvanometer and the battery. The arm AC is not 
closed, but the points AC are connected with two poles X& and 5S, 


1 Phil. Trans., 1883, Part III., p. 707. 
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between which a vibrator P oscillates rapidly. The plates of the 
condenser are joined with A and P, so that when F is in contact 
with S, the condenser is charged —a momentary current through 
the galvanometer resulting — and when with 2 it is short-circuited. 
When the resistances are so adjusted that the deflection of the 
galvanometer due to the momentary current is just balanced by 
the deflection due to the steady current, the above formula very 
approximately holds. For the vibrator P a commutator with a 
lever was used, each of whose ends oscillated between contact 
points on two steel springs. The lever was worked by an arm 
fixed to its center that pressed against an eccentric attached to the 
end of the axle of the self-regulating motors to be described below. 
Through the contacts made by the lever, the condenser was charged 
and discharged once every revolution of the motor. Twenty-five 
storage cells were employed with the bridge. 

The following data were obtained in the resonance experiments 
with short wires. The numbers under the heading “ recoil” repre- 
sent the number of turns of micrometer screw; the other column 
gives the length of the primary wires 7. Much better resonance 
was obtained with the jars of large capacity. The influence of 
the condition of the surface of the balls, between which the sparks 
passed, was very great; the surface had to be always kept as 
clean as possible. Far sharper resonance was obtained with the 
Toepler-Holtz machine used, than with the induction coil. The 
distance between the wires is denoted by d. 
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d= 60. 
Jar I. Jar Il Jar Ill. 
Cm Recoil. Cm. Recoil. Cm. |Recoil.. Cm Recoil. Recoil. 
38 20 58 35.5 48 37 48 14 6.0 
48 29 59 35.5 53 44 58 23 10.0 
58 36 60 36.0 55 46 64 32 13.0 
63 40 61 38.0 56 48 66 38 14.0 
68 36 62 39.0 57 53 67 39 14.0+ 
78 15 63 41.0 58 54 68 40 14.5 
88 5 64+ 42.0 59 51 69 42 15.0+ 
+65 42.5 61 45 70 44 15.5 
66 42.0— 63 40 +71 49 16.0 
67 42.0— 68 19 72 48 16.5 
68 39.0 73 47 +149 17.0+ . 
74+ 47 16.5 
75 46 16.0— 
76 43 15.5 
77 37 15.0+ 
78 33 15.0 
Ss 6 15.0— 
6.0 
d= 60. 
Jars Jars Jars Jars Jars Jars 
I. and II. I. and III. I. and IV. Il. and III. Il.andIV. | III. and IV. 
Cm. | Recoil. Cm. | Recoil.| Cm. | Recoil. Cm. | Recoil. | Cm. | Recoil. Cm. | Recoil. 
| 
148, 7.0 | 138 6.0 | 228) 9.0 | 138) 3.5 | 204 0.0 | 208) 4.0 
155) 10.5 148} 9.0 238} 11.0 148} 8.5 219) 5.0 5.0 
156, 15.0 158, 10.0 240) 11.5 158| 9.5 224, 6.0 7.0 
+157) 16.0 162| 11.5 242) 12.0 161 10.0 229° 6.5 8.0 
158) 15.5 164, 12.0— 244| 12.0+ 162) 11.0 234; 8.0— 9.0 
159 15.0 | 12.0—| 246 13.0 | 163|12.0 | 239, 80+ | 9.5 
160 13.5 170) 12.0+ |+248) 13.5 164 12.0 244) 10.0 9.75 
161) 12.5 |+172) 12.54 250) 12.0 165) 11.0 245 10.0 10.0 
163) 11.5 174, 12.5— 252| 11.5 166 14.0 246 10.0 10.0+ 
176) 12.0 258} 10.0 /|+167| 14.04 | 247) 11.0 10.5 
ie 11.5 268} 6.0 168| 13.0 |+248 11.5 11.0 
188) 169) 12.0 249 11.0 (110 
198, 3.0 178| 6.5 250 10.0 8.0 
254; 5.0 | 266) 7.0 
259; 3.0 268, 60 
| 8) 4.0 


| 
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d= 30. 
Jar I. | Jar Il. | Jar III. 

Cm. Recoil. | Cm. Recoil. Cm. Recoil. 
68 5.0 63 5.5 78 5.5 
73 6.5 68 8.0 88 9.0 
78 8.0 73 8.5 93 10.5 
83 10.5 78 11.0 98 11.5 
88 11.5 81 13.0 99 11.5 
90 13.5 82 14.0 100 12.0 
92 15.0 83 15.0 101 12.0+ 
94 15.5 8+ 15.0+ 102 13.0 

+96 15.75 85 15.5 103 14.0 
98 15.0 86 16.5 +104 14.5 

100 13.0 +87 17.0 105 14.0 

102 12.0 88 16.0 106 12.5 

108 5.5 89 14.0 108 11.0 

90 12.5 113 7.0 
92 10.0 118 oe 
93 8.5 


The curves plotted from these data for the separate jars are 


given in Fig. 2. 


The ordinates represent the recoil ; the abscissz 


Fig. 2. 
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the length of the A circuit. It is seen that the curves rise some- 
what less rapidly on the left than they fall on the right. In gen- 
eral, where there is less capacity there is less marked resonance ; 
hence the curves plotted for the pairs of jars joined in series 
would be more flattened. 

If the wave-lengths be calculated from the self-induction and 
capacity in the way indicated above, we obtain the following 
results. The radius of the wires is equal to 0.079 cm. Brass 
rods were used for the cross-connections with radius equal to 
0.28 cm. 


Jar. é 4, ly A calculated. 44 

1 )| © 65 | 5097 | 3048 3492 20,498 20,388 

‘)) 30 96 | 5078 | 2977 3492 20,258 20,312 

1.3| 58 | 5104 | 2834 3767 20,530 20,416 

"7| 30 87 | 5087 | 2753 3767 20,230 20,348 

m.3| 71 | 5091 | 3262 3255 20,470 20,364 

‘71 30 104 | 5070 | 3178 3255 19,980 20,280 

IV. 60 149 | 5013 | 5518 1906 20,329 20,052 

I. and II. 60 157 | 5005 | 5676 1812 20,151 20,020 
I. “ Il. 60 172 | 4990 | 6093 1685 20,130 19,960 
IL “ Iv. 60 248 | 4914 | 8198 1230 19,954 19,656 
Il. “ I. 60 167 | 4995 | 5956 1746 20,260 19,980 
I. “ IV. 60 248 | 4914 | 8177 1265 20,214 19,656 
lll. “ IV. 60 261 | 4901 | 8346 1202 19,902 19,604 


The last two columns give the wave-lengths as calculated from the capacity and self- 
induction of the primary circuit, and also as directly obtained from the length of the 
secondary. 


After these preliminary experiments, long wires were stretched 
from the physical to the chemical laboratory and back three times, 
a distance in all of about 580 m. A very careful measurement of 
their length was made beforehand in the following way. A por- 
tion was subjected to a tension approximately equal to that the 
wire would bear when finally suspended, and was left under this 
tension for some time. It was then carefully measured with a 
steel tape. Another portion was treated in the same way without 
severing the wire, and the process was continued for the whole 
length. Very great care had to be taken in insulating the wires ; 
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in fact, it was only after long, glazed porcelain knobs were adopted 
that anything like good resonance could be obtained. The wires 
were extended at a distance of about six meters from the ground. 
Four Leyden jars with a total capacity of 17,552.cm. were used as 
the condenser. Resonance was first obtained with a Toepler- 
Holtz machine, and then the machine was replaced by a Ruhmkorff 
coil. The resonance on this long circuit was naturally not so 
sharp as on a shorter one; the maximum was determined to one 
part in 150 of the length of the primary. In the case of the two 
shorter circuits used in obtaining the final results, the maximum 
was determined to one part in 400. As the maximum obtained 
affects almost entirely the factor Z, in the expression for the wave- 
length, and as this occurs under the square root, the wave-length 
is determined to one part in 800. Again, it is to be noted that an 
error in the period of the primary does not carry along with it an 
error of equal magnitude in the period of the secondary. The 
period of the oscillations in the secondary will be determined by 
the dimensions of its circuit, along which the wave is actually 
traveling, and these oscillations natural to the secondary will be 
set up when they approximate in period to those of the primary. 
In order to obtain the period of the oscillations, photographs 
were taken of the secondary spark by means of a revolving plane 
mirror and lens. The mirror (see Plate opposite) was constructed 
by J. A. Brashear, of Allegheny, for Professor Michelson after the 
latter’s experiments on the velocity of light. The mirror is made 
from a single piece of steel of a thickness sufficient to guard 
against lateral distortion. It has four circular polished plane sur- 
faces at right angles to one another, each 38 mm. in diameter. 
The amount of light that can be employed is thus doubled, and 
the air-vortex caused by the oblique motion of the reflecting sur- 
faces lessened. The top and bottom of the mirror terminate in 
pivots which are slightly conical. The bottom of the box, in 
which the mirror rests, is pierced by a screw-hole, through which 
passes a hollow cylinder (X) having both its internal and external 
surfaces cut into a screw. This screw can be adjusted in height 
so as to bring the revolving mirror vertically into the proper posi- 
tion. Its opening widens conically at the top, so that the conical 
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surface of the lower pivot of the mirror fits accurately into the top 
of the opening. An interior screw, 7, turned by the head, passes 
through the opening. This screw terminates on the top in a dia- 
mond plane. When the screw & has been properly adjusted, 7 is 
screwed in till the diamond touches the end of the steel pivot of 
the revolving mirror, so as just to support the weight of the latter. 
The proper position is indicated by the mirror’s freedom of motion. 
A binding-screw clamps the screws when adjusted, An identically 
similar arrangement is provided for the top of the mirror. The 
mirror is placed in a strong frame of iron tubes, through which air 
is driven. The air issues from orifices opposite to turbine grooves, 
with which the axle of the mirror is provided above and below, 
and sets the mirror in rapid rotation. To control the mirror and 
to render its motion uniform, a valve turned by the hand, and a 
large wind-chest, 60 cm. x 80 cm., provided with heavy weights, 
were respectively used. The blast of air was furnished by an 
18-inch Sturtevant fan blower, driven by a three horse-power 
motor. 

In the plate the central figure represents one of the two boxes 
between which the mirror rotates. The air blast enters by the 
four cylinder terminals. To the right of the box is 7 and at the 
extreme right R. 7 screws into X, X into the central hole in 
the box, and both Zand & are screwed in from above and from 
below until they properly touch the conical bearing of the mirror. 

The determination of the velocity of the mirror when regulated 
was a matter of very great importance. Optical comparison with 
some fixed standard appears to be the readiest and most accurate 
method. Professor Michelson compared the rotation-period of the 
mirror with the vibration-period of a standard tuning fork, but the 
smallness of the amplitude of the fork’s vibration renders the ob- 
servation somewhat difficult. The standard used in the present 
case was a motor (e, Fig. 3) accurately regulated, as already de- 
scribed by Professor A. G. Webster,! by a synchronous alternating 
motor (g), rotating on the same axle. To this axle was attached a 
disk (y) with holes symmetrically situated on the circumference. 
The light from a lamp (4) passed through a large condensing lens 

1 Electrical World, Vol. XXII., No. 10. Sept. 2, 1893. 
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(4), and after passing through the holes in the disk (y) fall on the 
rotaiing mirror (/). The holes in the disk through which the light 
passes move vertically, whilst the rotating mirror moves horizon- 
tally. The number of bands of light seen in the mirror gave the 
ratio of the rotation velocities of the motor and the mirror. If the 
mirror were regulated so as to run at a fixed ratio, the bands 
remained stationary in the field. Fluctuations in the velocity were 
most delicately indicated by motion of the bands up or down. The 
field of the governing motor was independently excited. The cur- 
rent through the armature was made intermittent by means of an 
electrically maintained tuning fork («) provided with a mercury 
break. The mercury cup was kept cool and the waste products 


TO BLOWER 


| 
! 
— 


Fig. 3. 


were carried away by causing a current of water to continually 
pass over. The fork made 25 vibrations per second. The light 
from a lamp (a) passed through a small rectangular slit (w), was 
reflected from a mirror attached to the electrically driven tuning 
fork (#), and was then reflected from a mirror placed at the end of 
the axle of the motors, and somewhat inclined to the axle. The 
eye at (d) would see, when the motor was rotating and the fork at 
rest, a continuous circle of light, and, when the fork vibrated, a 
series of bright arcs. These arcs reduced in number to two when 
there was synchronism between fork and motor. The speed of 
the driving motor was varied by means of a fluid resistance in the 
circuit of its field magnets until this synchronism was attained 
The controlling current through the alternator was then thrown 
on by turning the switch at (f). The motors would then continue 
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to run with uniform speed. If then the absolute frequency of the 
fork be determined, we know the absolute velocity of rotation of 
the motor, and hence that of the mirror. 

The large iron frame which held the mirror, the regulating 
motors, and the smaller pieces of apparatus were placed on heavy 
stone piers, which rested on a deeply laid brick foundation. Dis- 
turbing vibrations due to external causes were thus carefully 
guarded against. 

The spark-gap, in which the long wires end, was placed at (?). 
The light was reflected from the mirror (/) down the dark cham- 
ber (0), passing through the long-focus Alvan Clark lens (z). The 
sensitive plate was exposed at (2). (x) is a small dark room, 
where the observer was seated. The valve (v) was put under the 
control of the observer by means of a wheel attached to the valve, 
and by means of a cord with pulleys. The light from the lamp 
(4), after traversing the holes in the disk, was reflected from the 
rotating mirror, and then from the fixed mirror (7) into the tele- 
scope (s), placed at the eye of the observer. A pasteboard hood 
was placed over the frame of the mirror, with small rectangular 
slits inserted, so that the light falling on the mirror from the front 
could not pass down the dark chamber at the back. A large 
induction coil was used to produce the sparks. Sharp breaks 
were obtained by having the primary current pass through two 
brushes, which pressed against the circumference of a wheel (c) 
10 cm. in diameter attached to the end of the axle of the regulat- 
ing motors. Part of the circumference of the wheel was copper, 
and part hard rubber. Where the current was broken a strip of 
mica was inserted. This arrangement for obtaining sharp sparks 
worked very satisfactorily. A switch in the chamber (x) permitted 
the throwing on of the primary current and the production of 
sparks at will. 

The modus operandi of the apparatus is then as follows: The 
fork (~) and the current of water through the mercury cup are set 
going. The motors are brought into synchronism with the fork. 
The blower is started. The observer takes his place in the dark 
chamber. By means of the valve and the bands of light seen in 
the telescope (s) the mirror is regulated. When the lines of light 
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on the face of the mirror stand perfectly stationary, the switch 
is thrown on to produce the sparks, and the sensitive plate is 
exposed. 

The rate of vibration of the tuning fork was determined by the 
method of comparing with a clock introduced by Lord Rayleigh.! 
The principle employed was to accurately govern an electro-mag- 
netic engine by an interrupter fork. The accompanying figure 
exhibits the arrangement. To a horizontal shaft revolving on steel 
points were attached two hard rubber disks which carried a num- 
ber of soft iron bars disposed symmetrically on the circumference. 
Directly beneath these bars was placed an electro-magnet excited 


A 

TO CLOCK 


Fig. 4. 


intermittently by means of a battery (a) and a fork (4). If the 
magnet is excited just as one of the bars approaches, the latter is 
attracted ; so that if the passages of the bars exactly synchronize 
with the excitations, and therefore with the vibrations of the fork, 
the wheel is maintained in rotation. To check the oscillations 
which set in when any disturbance is communicated to the wheel, 
one of the disks had a channel hollowed out on the inside near the 
circumference, and this groove was filled with mercury. When 
the wheel rotates rapidly, the mercury acts as a rigid body, and 
tends to check any moderate variations of speed. For the 25-fork 
four bars were used. The wheel was set in rotation by the hand, 
and the proper speed was indicated by the apparent standing still 


1 Phil. Trans., 1883, Part L., p. 316. 
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of the bars when viewed in a mirror on the end of the fork. 
Engagement can also be very readily detected by the ear. 

A screw-gear, carrying a small wheel (d@), was attached to the 
shaft. The clock, a chronograph, and the wheel (d) with a small 
piece of hard rubber inserted in its circumference for a break, 
were put in series with a battery. Contact was made with the 
wheel (d@) by a small spring (e). The circuit was broken every 
second by the clock, and once in every revolution by the small 
wheel. The time of revolution of (d) can thus be, with great 
accuracy, objectively determined by comparison with the seconds’ 
record on the chronograph sheet. The screw on the axle gives 
the ratio between (d@) and the phonic wheel, and the ratio between 
the phonic wheel and the fork is known from the number of the 
bars. If «=number of seconds in the time of rotation of (d) ; 

= ratio between (d@) and the shaft; c= ratio between shaft and 
fork = number of bars. 


Wheel makes revolutions per second. 
n 


a 

Shaft makes — revolutions per second. 

Fork makes — vibrations per second. 


In our case a = 68, c = 4, m = II, approximately. 


In order to secure as great regularity in the seconds’ breaks of the 
clock as possible, the circuit was made through a mercury drop, 
and was broken by a strip of mica attached to the lower end of the 
pendulum. The mercury drop formed the horizontal connection 
between two small glass tubes filled with mercury. When by 
careful adjustment the drop was not brushed away by the mica 
strip in its passage, sharp regular breaks were obtained. The 
clock employed was constructed by Howard & Co., Boston. 

To determine the absolute pitch of the fork, the daily rate of 
gain or loss of the clock was obtained by astronomical observa- 
tions. A series of observations with the transit instrument, 


extending over the period of the experiments, was made, and the 
clock was found to gain 6.5 seconds per day. 
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The accuracy of the method can be seen from the following 
series of results: 


Rotations of wheel (d). | No. of seconds. Rate of fork. 
| 
24 263.1929 | 24.8031 
29 318.0273 24.8029 
27 296.0932 24.8030 
27 296.0908 24.8032 
31 339.9575 24.8031 
29 318.0286 24.8028 
25 274.1549 24.8035 
27 296.094 + 24.8029 


Average = 24.8031. 


The relation between the displacement on the photographic 
plate and the velocity of propagation can be found in the following 
way. We will suppose, preliminarily, that the axis of rotation of 
the mirror lies in its face. Let s (Fig. 5) be the spark-gap, and 
axx' the two positions of the mirror correspond- 
bf ing to the beginning and end of the displace- 
ment. While the mirror turns through the 
angle «, the image of s turns from ato 6 
through the angle 2 « The _ photographic 
arrangement for obtaining an image of ad, 
taken as an object, is to be considered as 
entirely separate. The greater the distance of 
the spark-gap from the mirror, the greater is 
ab, With a given distance of spark-gap from 
mirror, the shorter the focal length of the lens 
that can be used the better, because the shorter-focus lens can be 
placed nearer the mirror, and will therefore gather more of the 
light. The sum of the distances of the mirror from the lens and 
from the spark-gap was made equal to twice the focal length of 
the lens. Then the displacement on the plate a's’ was equal to 
aé, and there was no magnification. 

If 2«=number of turns of mirror per second the angular 
velocity = 2 7. 


Fig. 5. 
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Then in the time 7= 5 the mirror turns through the angle 


27K = & Say. 


But ad=r.- 2a. 
ab’ 


V 


Suppose now the mirror, as in our experiment, does not rotate 
about a point on its surface. It will be readily seen from Fig. 6 
that the locus of the image of a fixed point in the rotating mirror 
is an epitrochoid (limagon). S is the spark-gap. JM is one posi- 
tion of the mirror, O being the point about which it rotates. The 
angle « is measured from the fixed line OS. The angle SOO’ =the 
angle S’O’O. O’', the center of a circle C’ equal to the circle C, 
moves to its different positions as C’ rolls upon C. The locus 
therefore of S’, the image of S, is an epitrochoid, 
and its center of curvature is the center of the 
mirror Q, the point of contact of the two circles. 
The displacement S’S"’ of the image, due to the 
rotation of the mirror through the angle da, sub- 
tends at the center of the mirror the angle 2 da. 
Consequently the formula obtained above still 
holds good so long as &« is sufficiently small. 


Fig. 6. 


In our experiment 6« was approximately equal to 
only one-half a minute and therefore the same law of the double 
angle holds as in the previous case. 

The spark-gap was placed at a distance of 186 cm. from the 
mirror in our experiments. All the distances were carefully 
measured by means of two sliding rods. Great care was exercised 
in the determination of the focal length of the lens, which was 
equal to 100.66 cm. A transparent scale divided into mm. was 
used, and the method followed was that indicated in Kohlrausch’s 
Physical Measurements, No. 5. 


Effect of the Resistance of the Wires. 


If the wires were perfect conductors, the velocity of propagation 
would be the same as that of a wave in the dielectric. The ques- 
tion may be asked whether the resistance influences the velocity. 
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The equation for the propagation of the current or potential is, as 
first shown by Heaviside (PAz/. Mag., 1876, “ Electrical Papers,” 
Vol. L, p. 54), 

eV _ 1 

where Z is the self-induction of the pair of parallel wires per unit 
of length, K the capacity per unit of length, and & the resistance 


of a single wire per unit of length. If R =o, this becomes 
1 &#V 


L 


which is the equation of propagation with the velocity 


VKL 


v= 


If RX is not zero, put V= wei’ and the equation becomes 


fw , R? 


This is satisfied by the periodic solution 
qw = sin —v't) 


of wave-length A and velocity of propagation v’, where 
—. 
L? 47? 
For R we must put the resistance as affected by the imperfect 
penetration of the periodic current. According to Lord Rayleigh, 
when #, the frequency of the oscillations is very great 


= 


In the case of our longest circuit 7 = 125,000, roughly, 


mr (0.079) 
2y2 
— 3 = 9.10% — 6,10". 


The error, therefore, in the square of the velocity due to the 
neglect of the second term is only one part in 15,000, or in the 
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velocity itself, one part in 30,000. This correction is too small to 
be taken into account. 


Final Results. 


After a determination of the velocity for the long circuit had 
been made, the wires were cut and results obtained for new 
lengths. The speed of the mirror was varied in each case. The 
primary spark took place between balls 9 mm. in diameter; the 
secondary spark was formed between magnesium points which 
were separated beyond the equivalent sparking distance so as to 
have true resonance. The rate of the fork was taken daily, but 
it was found to be practically constant: the room was kept at a 
uniform temperature, so that no temperature coefficient had to be 
applied. There were no special peculiarities in the photographs, 
except that a large number of plates were obtained with relatively 
very great distances between the oscillations. These distances 
too were variable, being different for different plates, with no 
apparent law existing. It may have been that these long oscilla- 
tions were due to the direct action of the primary with its large 
capacity. The oscillations were measured on a dividing engine 
with a glass of low magnifying power. 

The following tables exhibit the results. 


Circuit I. 
Resonance: 4 = 2701 cm.; 4 = 55,592 cm.; \ = 222,368 cm. 


centimeters centimeters 

1 3 2.653 7 3 2.648 

2 + 3.531 8 4 3.521 

3 4 3.544 9 4 3.538 

4 4 3.531 10 5 4.410 

5 5 4.428 ll 5 4.421 

6 3 2.661 12 4 3.526 
Speed of mirror = 49.7420 
Total number of oscillations = 48.0000 
Sum of displacements = 42.4120 


Displacement per oscillation = 0.8836 
V = 2.934 x 10” cm. 
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N f T 1 No. of 2p 1 
centimeters centimeters 
1 2 2.640 7 3 3.949 
2 2 2.636 8 3 3.959 r 
3 3 3.949 9 + 5.270 
4 3 3.941 10 2 2.626 > 
5 4 5.256 1l 3 3.945 
6 2 2.637 
Speed of mirror = 74.6130 
Total number of oscillations = 31.0000 
Sum of displacements = 40.8080 
Displacement per oscillation = 1.3164 
V = 2.954 x 10!° cm. 
Circuit II. 
Length of wire removed = 15,240 cm. 
Length of wire left = 43,053 cm. ’ 
Resonance: /; = 1484 cm.; 4 = 41,569 cm.; \ = 166,276 cm. 
No. of Total No. of Total 
centimeters centimeters 
1 4 2.582 9 5 3.224 
2 + 2.579 10 4 2.580 
3 3 1.933 ll 4 2.581 
4 3 1.936 12 4 2.579 
5 6 3.871 13 5 3.224 3 
6 5 3.228 14 3 1.935 
7 5 3.223 15 5 3.227 
8 4 2.580 
Speed of mirror = 49.552 es 
Total number of oscillations = 64.000 
Sum of displacements = 41.282 


Displacement per oscillation = 0.645 
V = 2.994 x 10! cm. 
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PI No. of Total No. of Total ‘ 
, ate. | oscillations. displacement. Plate. oscillations. displacement. 
-| 
centimeters centimeters 
1 3 2.896 | 4 3.868 
2 3 2.899 9 | 4 3.866 
3 3 2.901 10 | 4 3.870 
4 + 3.868 ll | 3 2.899 
5 4+ 3.865 12 3 2.900 
6 3 2.896 13 | + 3.865 
7 | 4 3.865 14 4 3.864 
Speed of mirror = 74.328 
Total number of oscillations = 50.000 
Sum of displacements = 48.322 
Displacement per oscillation = 0.966 
V = 2,998 x 10" cm. 
Circuit III. 
b 
Length of wire removed = 14,909 cm. 
Length of wire left = 28,144 cm. 
Resonance: 7; = 614 cm.; /, = 27,530 cm.; A = 110,120 cm. 
| No. of Total No. of | Total 
Plate. oscillations. displacement. Plate. | oscillations. displacement. 
| 
centimeters centimeters 
1 6 2.562 8 5 2.134 
2 6 2.558 9 + 1.708 
4 3 + 1.705 10 4 1.706 
+ 3 1.279 11 5 2.131 
5 5 2.134 12 5 2.134 
6 5 2.130 13 6 2.559 
7 5 2.133 
Speed of mirror = 49.5520 
Total number of oscillations = 63.0000 
Sum of displacements = 26.8730 


Displacement per oscillation = 0.4266 
V = 2.998 x 10" cm. 
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No. of Total No. of Total 
Plate. oscillations. displacement. Plate. | oscillations. displacement. e 
centimeters centimeters 
1 5 3.204 9 5 3.201 
2 5 3.202 10 + 2.561 
3 5 3.203 11 + 2.562 
4 4 2.564 12 5 3.201 * 
5 5 3.200 13 5 3.200 
6 6 3.844 14 6 3.845 
7 6 3.840 15 5 3.202 
8 5 3.205 
Speed of mirror = 74.3280 
Total number of oscillations = 75.0000 
Sum of displacements = 48.0340 


Displacement per oscillation = 0.6405 
V = 2.995 x 10! cm. 


No. of Total No. of Total 
Plate. Plate. oscillations. b 
centimeters centimeters 
1 ES 2.556 + 3 2.558 
2 4 3.410 5 4 3.414 
3 3 2.559 
Speed of mirror = 99.1040 


Total number of oscillations = 17.0000 

Sum of displacements 14.4970 

Displacement per oscillation = 0.8528 
V = 2.999 x 10% cm. 


The value of the velocity calculated from the formula is cor- 
rected so as to be referred in the above to mean solar time. Why 
the longer circuit gives a lower velocity than the other two is not 
quite evident. The difference may probably be accounted for 
partly by the fact that the resonance was not so sharp in the case 
of this circuit and the maximum could not be determined to the 
same degree of precision. The oscillations, it is noticed too, are 
not so constant in length as in the case of the shorter circuits. 
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The value of the average velocity for the three circuits is 
2.982 x 10" cm. per second, and for the last two 2.997 x 10” cm. 
per second. 

I wish to express special thanks to Prof. A. G. Webster for the 
kindness shown and the advice given continually throughout the 
progress of this work. 


LABORATORY OF CLARK UNIVERSITY. 


[The above research was completed in July, 1895, but various circumstances have 
prevented its earlier presentation for publication. — A. G. W.] 
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ON THE MEASUREMENT OF THE EXPANSION OF 
METALS BY THE INTERFERENTIAL METHOD. 


By EpwarRD W. MorRLEY AND WILLIAM A. ROGERS. 
PART II. 


EXPERIMENTAL DATA AND REDUCTIONS. 


HE bars to be compared have the following dimensions : 
The bronze bar, which is mounted in the west box, has a 

length of 1023 mm. 

The bar of Jessop’s steel, mounted in the north box, has the 
same length. 

Each bar has a cross section of 1} x 3 inches. 

Since the thickness of the mirrors is 8 mm., the total length 
measured is 1031 mm. 

We have, therefore, for the excess of wave-lengths in air over 
the wave-lengths in a vacuum, 


D = 1031 X 3393.8 x 0.0002923 fringes. 
log D = 3.009782. 


I. CORRECTION OF OBSERVATIONS FOR THE EFFECT OF THE 
RESIDUAL AIR. 

When the air surrounding the two bars is at the same tempera- 
ture, the numbers of wave lengths contained in the lengths of the 
two bars zz vacuo are multiplied by the same factor: as the num- 
bers are nearly identical and the factor nearly equal to unity, this 
is equivalent to the addition of equals; the observed differences, 
therefore, do not require correction. But when the air around the 
two bars differs in temperature, the factor depending on the re- 
fraction of the air differs for the two bars. If we put 


X = wave-length, zz vacuo, of light employed ; 
/= the effective length of the bar, or the distance between the 
reflecting surfaces of the two mirrors applied to the bar ; 
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S = number of half-wave-lengths in /, if the air in the apparatus 

had everywhere the same density ; 
¢ =the temperature of the residual air around the heated bar, in 

centigrade degrees ; 

pf =the pressure of the residual air ; 

S, = the number of half-wave-lengths in air of temperature 7° and 
pressure 9 ; 

n = the refractive index of air at 0° and 30 in. ; 


we shall have: S= 24) + En 
r 30 
N 30 
S, — 0), 
30 


If we tabulate the factor 


273 + 730 
we shall have for suitable values of 7, 
S= S, + pF... (1) 


It should be remembered that the subscript ¢ refers to the tem- 
perature of the azr in the apparatus. 

From Bell’s determination of wave-lengths we have for sodium 
light : 

D, = 5.896 x 10°, D, = 5.890 x 107, D,, = 5.893 x 107% 


Hence the number of waves in I mm. = 1696.9’ = 3393.8%. 


1 t 


F THE FACTOR A=—.2/. —1). 
ALUES O ‘= 30°. 2340" 
10 | 9°| 1:09 | 18°) 2.11 | 27°] 3.07 | 54°] 5.64 | 63°| 6.40 


10 | 1.21 19 | 2.22 | 28 | 3.18 | 55 5.73 | 64 | 6.48 
0.25 ll 1.32 | 20 | 2.33 | 29 | 3.28 | 56 5.81 | 65 | 6.57 
0.37 12 | 1.44 | 21 2.44 | 30 | 3.38 | 57 5.90 


5.29 | 59 | 607 | 97 | 8.96 
0.73 15 | 1.78 | 24 | 2.76 | 51 | 5.38 | 60 | 615 | 98 | 9.02 
0.85 16 | 1.89 | 25 | 2.86 | 52 | 5.46 | 61 | 6.24 | 99 | 9.09 
0.97 17 | 2.00 | 26 | 2.97 | 53 | 5.55 | 62 | 632 |100 | 9.15 


aos a W 
~ 
nN 
nN 
al 
o 


| 
| 
| | 
: 


108 E. W. MORLEY AND W. A. ROGERS. [VoL. IV. 


II. CoRRECTION OF OBSERVATIONS FOR CHANGES OF TEMPERA- 
TURE OF THE BAR WHOSE TEMPERATURE IS KEPT NEARLY 
CONSTANT. 


Let us put 

/, = length of the bar ; 
g = thickness of glass mirror at nearer end of the bar ; 
7 = temperature of the bar ; 
C = coefficient of expansion of bar ; 
c = coefficient of expansion of glass of mirror ; 

B, = number of half-wave-lengths in /, +g at 0° ; 

B,= number of half-wave-lengths in /, + gat 7°. 


We shall then have: 


Hence, 


If we tabulate the quantity f= 214 + <8), we shall have 


By=B.-— f+ pF (2) 


of which, however, the last term is negligible. 


VALUES OF THE QUANTITY /= : Cth, + g) 


eee 
| | 
0.00°| 0.0%| 4.9 | 0.17°| 10.3 | 0.26°) 15.8 | 0.35°| 21.2 0.43°| 26.1 
0.09 | 5.5 | 0.18 | 10.9] 0.27 | 16.4 | 0.36 | 21.8 | 0.44 | 26.7 
0.01 | 0.6 | 0.10 | 61 | 0.19 | 11.5] 0.28 | 17.0] 0.37 | 22.4 | 045 | 27.3 
. ae 0.02 | 1.2 | 011 | 67 | 0.20 | 12.1] 0.29 | 17.6] 0.38 | 23.0 | 0.46 | 27.9 =| 
ES. 0.03 | 1.8 | 0.12 | 7.3 | 0.21 | 12.7] 0.30 | 18.2] 0.39 | 23.7 | 0.47 | 28.5 
0.04 | 2.4 | 0.13 | 7.9 | 0.22 | 13.3] 0.31 | 188] 040 | 24.3 | 048 | 29.1 
0.05 | 3.0 | 0.14 | 85 | 0.23 | 13.9] 0.32 | 19.4] 041 | 24.9 | 0.49 
es 0.06 | 3.6 | 0.15 | 9.1 | 0.24 | 14.6] 0.33 | 20.0] 0.42 | 25.5 | 0.50 | 30.3 
0.07 | 4.2 1016 9.7 | 0.25 | 15.2] 034 | 20.6 | 
= 
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III. APPLICATION OF CORRECTIONS TO OBSERVED NUMBERS. 


The direct result of observation is 
S,. (3) 
From equations (1), (2), and (3) we obtain 
pF, 


which expresses, in wave-lengths, the difference of length of the 
two bars reduced to the conditions that the observations are made 
in vacuo, and that the temperature of one is kept constant. The 
last term is negligible. 


IV. THERMOMETERS EMPLOYED AND THEIR CORRECTIONS. 


It was expected that the temperature of the steel bar, whose 
expansion we wished to determine, would be measured with the 
air thermometer. Since an unexpected difficulty was not remedied 
in time, we were disappointed in this. In order to utilize the deter- 
minations of expansions, we decided to investigate the mercurial 
thermometers which had been intended, not to measure tempera- 
tures, but to serve in maintaining constant temperatures. Ther- 
mometers Green 8573, G. 8574, G. 8613, Gerhardt 2403, G.’ 2405 
and Tonnelot, No. 62, were employed in this investigation. 

It therefore became necessary to make a study of the correc- 
tions required for these thermometers. 

Since March, 1893, the basis of all thermometric observations 
adopted by the writer depends upon the system of corrections to 
the observed readings of Tonnelot, No. 62, given on page I19. 
These corrections result : 


(a) From a long series of comparisons of Green 1503 loaned to the writer 
by the U. S. Weather Bureau ; subsequently, a careful study of this 
thermometer was again made by the Bureau ; 

(4) From two investigations of the relation between G. 2292 and G. 2262, 
made by the Weather Bureau in 1890 and 1893 ; 

(c) From a comparison of Green 2292 and Tonnelot 62 with the standard 
of the International Bureau, reduced to the hydrogen scale by the 
United States Coast and Geodetic Survey in September, 1890. 
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Since the scale of Tonnelot 62 reaches only to 80° C., it was 
impossible to obtain the absolute corrections of this thermometer 
without first obtaining the absolute corrections of some other 
thermometer. Two thermometers were selected for this purpose, 
viz. G.’ 2403 and G.’ 2405. The discussion for G.’ 2403 was made 
by Messrs. Cole and Durgan, and will be found in an article by 
these gentlemen, entitled “ An Example in Thermometry,” which 
will appear in the next number of the Review. For the details of 
the method employed, the reader is referred to this paper. 

A photograph giving a view of the apparatus with which the 
observations were made, is inserted at the close of the article just 
referred to. 

The general formula for the computation of the temperature ¢, as 
given in the Memoirs of the International Bureau, is (see Vol. I., 
page D, 11): 

6+ nk, 

in which 

nu = the observed reading, 
x, =the calibration correction, 
‘y, = the correction due to external pressure, 
‘Y2 = the correction due to internal pressure, 

C= My t+ + 
k= —% 


Ny, My, being the readings for two known temperatures 4,, ¢,, pref- 
erably 100° and o°. 

Our first inquiry will relate to the determination of the values 
of 
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I. 
Calibration by the Method of Marek. 
OBSERVED DATA IN UNITS OF THE THIRD DECIMAL PLACE. 


Degrees.| A, | Degrees.| A, | Degrees. 


As Degrees. | A; | Degrees.| A, 


0--- — 9] 0-- +44] 0--- 30 +33] 0--- +19] 0--- 50) +25 
xq-x3 | 10--- 20) +45] 10--- 30) +14] 10... 40 | +27} 10--- 50 +12) 10--- 60) +21 
x3-x4 | 20--- 30) 24--- 40| —30] 20--- 50) —27]| 20--- 60) —22]| 20... 70; —20 
x4-x5 | 30--- 40) + 2] 30--- 50 | — 20} 30--- 60 | + 3) 30--- 70| +13] 30--- 80) —35 
x5-x6 | 40--- 50) 40--- 60) 40--- 70) + 8} 40--- 80 | —37|40--- 90| — 6 
| 50--- 60} + 6] 50--- 70 | +19] 50... 80 | —28] 50--- 90} + 5] 50---100|} +15 
| 60--- 70| +10] 60--- 80) 60--- 90| + 2) 60---100| +10 
x | 70--- 80} —33] 70--- 90) —15 | 70---100| —18 
x9-x10| 80--- 90 | +34] 80---100 | +29 

x10-%11| 90---100 5 


Degrees. | As | Degrees.| y, | Degrees. A, | Degrees.) A, 


| 10--- 70| +49] 80| +27] 10... 90| +25] 10.--100) +3 
| 20--+ 80 —68] 20-. 90| —42] 20-.-100 | —31 
| 90) + 1130-100] + 3 | 


For the solution of the equations thus formed see Vol. V., page 
18; also an article by the writer, “On the Cumulative Errors of a 
Graduated Scale,” Vol. XV., Transactions of Mechanical Engineers. 

The following numerical results follow from this solution : 


4,=0 +13 4,= +10 +1 
4,= +12 +18 +0 
%=+46 — 25 

Il. 


Calibration Corrections derived from the independent Measures of 
the Equal Space Corrections and of the Corresponding Equal 
Volume Corrections for the Detached Mercury Columns. 


This method depends upon the requirement that the corrected 
positions of the scale divisions must be identical with the corre- 
sponding positions of equal volumes occupied by the detached 
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mercury thread. We have simply to measure, in any unit desired, 
the values of the successive aliquot divisions of the entire length of 
the scale, compared with any constant value of this interval that 
we may adopt. The same remark applies to the measures for the 
equal volume points. In this investigation the “stop’’ method 
was employed. In this case, when the movement of the microm- 
eter wire is apparently from left to right for an increasing reading 
of the index of the screw, it indicates that the measured space is 
too short. Hence, when the mean of all the values is subtracted 
from each value, the residuals express corrections and not errors. 

The numerical results obtained are found in the following Table. 
For the values of x, which refer to G.’ 2403; see article by Cole 
and Durgan. 


INDEPENDENT MEASURES OF THE 5° SPACES AND OF THE CORRE- 
SPONDING MERCURY COLUMNS. 


| Scale divisions. Mercury columns. 
Relative | : Calibra- 
| Readings. | | Readings. conection 
0- 5 | 5.020 | +000 | +000 | 5.010 | —o1l0 | -o10 | —010 
5-10 | 5.010 —010 —010 3.017 | —003 | —013 —003 
10-15 | 5.013 —007 —017 5.036 +016 | +003 +020 
15- 20 | 5.017 —003 —020 5.040 +020 +023 +043 
20-25 | 5.049 +029 +009 5.035 +015 +038 +029 
25- 30 | 5.050 +030 +039 5.029 | +009 +047 +008 
30-35 | 5.016 | —00# | +035 5.017 | —003 +044 +009 
35- 40 | 5.010 —010 +025 5.011 —009 +035 +010 
40-45 | 5.016 —004 +021 5.011 —009 | +026 | +005 
45- 50 | 5.016 | —00+ | +017 | 5.010 | —o10 | +016 | —O01 
50- 55 5.005 —015 +002 5.014 — 006 +010 | +008 
55- 60 5.024 +004 +006 5.019 —001 +009 | +003 
60-65 | 5.013 | —007 | —OOl | 5.021 | +001 | +010 | +011 
65- 70 | 5.016 —O11 —012 5.020 | +000 | +010 | +022 
70-75 | 5.058 +038 +026 | 5.021 +001 +011 —015 
75- 80 | 5.035 +015 +041 5.021 +001 +012 —029 
80- 85 | 5.012 —008 +033 5.025 +005 +017 —016 
85- 90 5.010 —010 +023 5.023 +003 +020 —003 
90- 95 | 5.017 —003 +020 | 5.010 —010 +016 —004 
95-100 | 5.000 —020 +000 | 5.004 —016 +000 +000 
Mean . | 5.020 | Mean .| 5.020 
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In Curve I. the residuals of the last column are laid off as 
ordinates from which the final calibration corrections are deter- 


CURVE | 


| 


mined. The unit of the scale is one small square, which repre- 
sents one unit in the third decimal place. 
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It will be found preferable, however, to lay off the curves for the 
equal scale divisions and the equal column divisions independently, 
and to derive the calibration correction by measuring the vertical 
distance between the two curves corresponding to the same values 
of the horizontal argument. These two curves are drawn in 
Curve II. The full line curve represents equal scale corrections, 
and the dotted line represents the equal volume corrections. The 
unit is the same as in Curve I. The horizontal argument for the 
dotted curve is taken as the middle point of the 5° scale. 

Instead of deriving the equal space curve from the residuals at 
the 5° point, the corrections for the single degree points were 
obtained by direct measurement. The details of these measures 
are omitted for lack of space. 

In order that we may judge whether anything is gained by 
making the equal volume points correspond to the middle points 
of the mercury thread, the results for the 5° points, together with 
the independent determination by the method of Marek, are 
placed side by side in the following table: 


| Curvel. | Curve II. Curve l. | Curve II. 
5° — 7 — § | 5°. 55° 
10 — 3 + 6 — § 60 + 6 + 6 +10 
15 +-20 +32 65 +11 +14 
20 +41 +48 +46 70 +18 +17 +18 
25 +29 +33 75 —15 —18 
30 +13 + 8 +13 80 —25 —25 —25 
35 +9 + 8 85 —15 —16 
+10 + 2 +12 90 — 2 — 6 + 1 
45 +12 | + 0 95 
50 + 4 | —2 + 2 100 + 0 — 0 +0 


While in this case both methods of reduction give substantially 
the same results, the double curve method has decided advantages 
when the bore of the thermometer investigated varies greatly in 
diameter at different points. 

The value of the calibration corrections of G. 2405 expressed in 
units of the third decimal place, are given in the following table : 
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0 0 a +48 41° +2 61° + 8 81° —24 
1}; -—-2 22 +48 42 +2 62 +9 82 —22 
2|/-3i1 8 +48 | 43 +1 63 +11 83 —19 
i 3 — 4 24 +43 44 +0 64 +13 84 —17 
; 4 — § 25 +33 45 +0 65 +14 85 —16 
5 — § 26 +30 46 —1 66 +17 86 —12 
6 — 4 27 +25 47 —1 67 +17 87 —10 
| 7 — 3 28 +15 48 —2 68 +18 88 — 8 
8 — 1 29 +13 49 —2 69 +18 89 — 7 
9 + 3 30 +8 50 —2 70 +17 90 — 6 
10 + 6 31 + 7 51 —2 71 +14 91 — 6 
ll +12 32 + 6 52 —1 72 +7 92 — 6 
12 +18 33 + 6 53 a | 73 + 0 93 — § 
13 +22 34 + 5 54 —1 74 - 9 94 — 5 
' 14 +28 35 + 5 55 —1 75 —22 95 — § 
15 +32 36 + 3 56 +2 76 —23 96 — 4 
16 +35 37 + 3 57 +3 77 —25 97 — 3 
17 +38 38 + 2 58 +4 78 —26 98 — 2 
18 +44 39 + 2 59 +5 79 — 26 99 — 1 
19 +47 40 + 2 60 +6 80 —25 100 + 0 
20 +48 
| 


—0°.10 4° | —0°.40 15° | —0°.50 30° | —0°.68 60° —0°.70 
2 —0°.21 5 —0°.45 20 | —0°.50 40 | —0°.68 70 —0°.70 
1 3 —0°.29 | 10 —0°.50 25 —0°.58 50 | —0°.70 80 —0°.70 


Determination of the Coefficients of External and of Internal 
Pressure. 


r Reference is made to Plate 5 for a description of the method by 
f which the coefficient of external pressure for the thermometers 
employed in this investigation was determined. It is to be noted 
that care must be taken in these observations to allow the ther- 
mometers to remain a considerable time after the exhaustion takes 
place, before being read, in order that the glass of the bulb may 


| 
The values of x, for T,. are given below : 
n 62 
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reach a normal molecular condition. If this precaution is not 
observed, too large values of the coefficient of pressure will be 
obtained. 

The coefficients of internal pressure were obtained from a com- 
parison of the readings of the same thermometer for a vertical and 
for a horizontal position. The conclusion reached at Breteuil is 
confirmed by these observations; viz. that the coefficients of 
external and of internal pressure are so nearly identical that no 
sensible error will be introduced by the assumption of their 
equality. The numerical values of these coefficients for the dif- 
ferent thermometers employed are given below. The data neces- 


sary for the computation of the pressures are added. 


| 
name | change tor | | 
——| 
G. 8573 0.19 0.00025 328 mm, 26.0 
G. 8574 0°.22 0.00030 | 328 26.0 
G. 8613 F 0°.32 0.00035 | 294 (to 50° F.) 3.50 
G.! 2403 0°.05 9.00005 69 4.47 
G.' 2405 0°.13 0.00016 | 60 3.37 
Tes. 0°.10 0.00014 63 3.69 


The correction for G. 8613 F., the graduations of which extend 
from 50° to 85°, is — 0.04 for the entire interval. 

The graduation of G. 8573 and of G. 8574 are to fiftieths of a 
degree. 


Determination of the Fundamental Interval of a Thermometer. 


If we assume the fundamental interval of a thermometer to be 


1°, we have 


1, —t 
2 0 = _ (1) 


in which 4, is to be derived either from the table given in Vol. I. 
of the Memoirs, page 47; or from the reading of a thermometer 
whose elements are completely known. 

The following equivalent method of reduction will be found to 
have the advantage of a more exact knowledge of the temperature 
of the steam under the condition of normal pressure. 
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Let 4 =the observed reading of the water manometer. 
y = the value of I mm. expressed in degrees, for the middle 
point between the observed pressure and 760 mm. 
B' = the reduced reading of the barometer 


Then, with sufficient accuracy, we have, 


b 


k= 100 —I. (2) 


Thus, if for G.' 2405, we have 


= 751.68, y=0.0370°, 6 = 6.2mM., %49)=99.801, %)=0.000, 


we have 
[99.801 +0.000 + 0.001 + 0.073 | 
100 
— X 0.0 04332 fe) 
13.6X100 370 9-037 
0,000 + 0.000 + 0.001 +0.010_| 
100 
k= — 0.00155. 
By formula (1) we have 
& =x 99.708 — I =—0.00156. 
99.875 — 0.011 


For the value of ¢ corresponding to the pressure 752.13, see 
Vol. I. of the Memoirs, p. A 47. 

The error most likely to be introduced in the determination of 
the temperature at or near 100°, is due to the erroneous reading of 
the thermometer for the pressure of the steam indicated by the 
water manometer, if sufficient care is not taken to allow the ther- 
mometer to remain in the steam for a considerable interval of time. 

It will be found that the reading of the temperatures will gradu- 
ally increase for fifteen or twenty minutes after the immersion in 
steam has been made. Experience has shown that the readings 
can safely be made only after the pressure has remained constant 
for at least fifteen minutes. It is the evidence furnished by the 


| 
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observations for pressure which enables one to judge whether the 
thermometer indicates the true temperature after the corrected 
reading of the manometer has been applied. Under this limitation 
formula (2) is to be preferred. 

The essential constancy of the zero point and of the 100° point, 
for G.' 2405, will be seen from the following results : 


on [99.801 + 0.000 + 0.001 + 0.073] 
100 
es x 0.0 0 + 232 x 0.0370 
13.6 xX 100° 37 1000 
0.000 + 0.000 + 0.001 + 0.010 nities 
100 
k = —O.00155. 
Exposure to steam. Co: a 
Date. Depression of 
readings. Before. After. 
| 
1896. mm. > 
Jan. 17 769.7 +0.010 —0.017 | + 0.027 100.127 
Jan. 20 768.0 +0.028 +0.00¢ | + 0.024 100.114 
Jan. 20 768.0 +0.017 —0.003 + 0.020 100.120 
Jan. 21 764.9 +0.034 +0.013 + 0.021 100.108 
Jan. 21 763.4 +0.023 —0.002 + 0.025 100.163 
Jan. 22 766.1 +0.020 —0.002 + 0.022 100.109 
Jan. 22 766.9 +0.013 —0.004 + 0.017 100.121 
Jan. 23 | 771.6 +0.024 | +40.008 | + 0.016 100.140 
Jan. 23 770.6 +0.008 —0.003 + 0.011 100.139 
Feb. 10 746.3 +0.010 —0.013 + 0.023 100.119 
Feb. 11 741.9 —0.095 —0.022 —[0.073] 100.106 
Feb. 12 751.7 + 0.024 +0.000 + 0.024 100.154 
Feb. 13 762.7 +0.006 —0.003 + 0.009 100.142 
Feb. 14 746.4 +0.028 +0.016 + 0.012 100.132 
Feb. 16 759.4 +0.023 +0.003 + 0.020 100.120 


We conclude this portion of the investigation with a comparison 
of G.! 2403, G.’ 2405, and T,,. All the thermometers were sub- 
merged in water to a depth such that the distance from the center 
of the bulb to the surface of the water was 4=510 mm. = 33 
mm. of mercury. The details of the comparisons are given only 
for 30° C. 
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2403. 2405. 
n 30°.104 30°.090 30°.720 
a” +0.013 +0.033 —0.068 
"1 +0.001 +0.002 +0.001 
—0.001 —0.003 —0.002 
v2 +0.010 +0.031 +0.027 
Sum. 30°.127 30°.153 30°.678 
-¢ +0.015 + 0.000 —0.461 
n 30°.142 30°.153 30°.207 
nk — 0.043 —0.038 —0.105 
t 30°.099 30°.105 30°.102 
25°.188 25°.184 25°.169 
Zz 20°.090 20°.095 20°.082 
zt 15°.761 15°.791 15°.775 


The direct comparison of the corrections for T,. may now be 
made with the corrections assumed previous to this investigation. 

Designating the corrections to T,, adopted in 1893 by Cj, and 
the corrections derived from the present investigation by C,, we 
have 


0 6 ae —0.54 | 20 wile 56 
l 7 | —0.50 | —0.52 | 13 | —0.53 | —0.54 | 25 | —0.61 | —0.59 
2 —045 |—048 | 8 | —0.50 | —0.52 | 14 | —0.54 | —0.54 | 30 | —0.62 | —0.62 
3 9 | —0.51 | —0.53 | 15 | —0.55 | —0.55 | 35 | —0.65 | —0.64 
4 0 | —0.51 | —0.53 | 16 | —0.56 | —0.55 | 40 | —0.66 | —0.65 
5 1 | —0.52 | —0.53 | 17 | —0.56 | —0.55 | 45 | —0.67 | —0.67 


Since the completion of this investigation an opportunity has 
occurred for the direct comparison of G’. 2403 with the standard of 
the International Bureau through the medium of standards of the 
U.S. Bureau of Weights and Measures, with the following re- 
sults : 
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Corr. to G. 2403. Corr. to G. 2403. 
Observer Observer Observer | Observer 
Cand D. U. S. Bureau. Cand D. U. S. Bureau. 
0° +0°.000 +0°.000 30° —0°.051 —0°.047 2 
5 ~0°.020 —0°.019 35 —0°.054 | —0°.088 
10 —0°.019 —0°.034 40 —0°.052 | —0°.050 ‘ 
15 —0°.023 —0°.056 45 —0°.048 | —0°.055 
20 —0°.029 —0°.030 50 —0°.056 —0°.026 
25 —0°.18 —0°.020 


V. OBSERVATIONS ON THE EXPANSION OF THE STEEL Bar. 


We give in the following table the observed data, from which 
the final determination of the coefficient of expansion of the steel 
bar will be derived. This table will be followed by other observa- 
tions which will not enter into this determination, but which will 
furnish the necessary evidence that the proper temperature condi- 
tions have been established. a 

The first and second columns give the time of the observations ; 
the third gives the pressure of the air remaining in the apparatus ; 
the fourth gives the observed difference of length of the two 
bars ; the fifth and sixth give the readings of the thermometers 
which were in contact with the bronze and the steel bars respec- 
tively. 
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EXPERIMENTAL DATA. 


Series I.— I. 


‘9 Ti f Readi f N b f | Readi f Readi f 
Date. | observation. manometer. fringes. | W. ben. | bon. 
1895. h, m. in. deg. deg. 
July 17 00 | 20 | 6820 |  —0.01C. —0.10 C. 
1030 | 19 682.8 | —0.00 —0.10 
| 18 | 6920 | 
No. 8613 F. 
July 19 | 11 25 1.1 + 76 —0.03 64.90 
11 30 0.6 + 94 —0.03 64.90 
11 35 as i + 99 —0.04 64.90 
11 38 0.6 + 7.7 | —0.06 64.90 
ll 42 0.7 | + 70 | —0.05 64.90 
1l 44 06 | + 71 | —0.05 64.90 
ll 46 0.6 | + 70 | —0.05 64.90 
| 
12 38 0.9 + 8.0 —0.06 64.91 
12 42 a9 | + a2 —0.05 64.91 
12 45 0.9 | « 61 —0.04 64.92 
12 55 16 | + 100 +0.01 64.92 
1.3 + 88 +0.00 64.92 
July 21 | 10 20 1.2 — 780 | —0.04 69.49 
| 10 25 1.2 — 783 | —0.04 69.50 
10 30 i —0.08 69.60 
10 45 1.5 — 788 | —0.08 69.60 
uo 1.4 — 810 |  -0.06 69.60 
| 
July 22 | 355 | —0.04 83.01 
| 4 20 1.1 359.0 —0.05 83.05 
30 1.0 359.0 | +0.02 83.11 
10) 358.5 +0.02 83.27 
25 0.9 | 358.7 | +0.00 $3.20 
July 23 11 15 0.9 | 325.0 +0.06 81.95 
1l 45 11 | 326.0 +0.10 82.11 
12:10 08 | 330.0 +0.08 $2.20 


| | = 
| . 
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Series II. 
D Time of | Reading of Namber of | Reading of Reading of 
ate. observation. manometer.| fringes. | 8574 W. box. 8574 N. box. 
1895. h. m. in. deg. deg. 
July 29 8 44 35 + 256.8+ +0.01 C. —0.09 C, 
8 52 3.5 257.0 +0.00 —0.09 
9 23 2.6 257.0 —0.02 —0.11 
9 28 2.8 257.7 —0.02 —0.09 
9 38 2.8 257.6 —0.02 —0.09 
10 5 2.9 +257.1 —0.02 —0.09 
10 15 3.0 257.3 —0.02 —0.09 
10 30 2.5 257.5 —0.05 —0.11 
10 46 3.0 258.1 —0.05 —0.11 
10 51 2.5 258.0 —0.04 —0.09 
2.6 + 258.3 —0.03 —0.09 
1l 16 2.8 258.5 —0.02 —0.09 
11 50 2.8 258.7 —0.02 —0.06 
1l 55 2.5 258.0 —0.04 —0.09 
22 (7 2.9 258.0 —0.02 —0.11 
1 30 2.9 + 257.8 —0.01 —0.15 
1 40 2.9 256.8 —0.01 —0.13 
1 53 2.6 257.0 —0.03 —0.14 
25 2.6 257.5 —0.03 —0.14 
2 16 2.5 257.3 —0.02 —0.14 
No. 8573. No. 8613. 
July 30 3 2 2.2 —1037.2 | +0.10 71.41 F. 
8 15 2.8 — 1035.6 +0.05 71.04 
8 44 2.8 — 1034.0 +0.06 70.90 
No. 2405. 
July 31 4 10 2.9 —2572.0 +0.07 63.80 C. 
Aug. 1 11 20 2.6 — 2575.0 +0.07 63.93 
3 30 2.4 — 2575.1 +0.11 63.93 
No. 8574. 
Aug. 2 4 10 2.8 — 257.0 +0.11 +0.10 
5 10 2.8 — 257.1 +0.10 +0.12 
5 20 2.8 — 257.5 +0.10 +0.12 
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Notes in Regard to Observations preceding those given above. 


July 16, 5 h. 50 m. P.M. — Put 500 lbs. of ice in each box. 6h. 25 m.— Thermometer 
in N. box = 0°.33. 

July 17, 5 h. 58 m. A.M.— Found that considerable of the ice had melted during the 
night. N. box =0°.44. W. box = 0°.39. Filled both boxes with ice. Drew off 
the water melted during the night. Exhausted the air in the boxes at 8 h. 32 m. 

July 18. — Refilled the W. box with ice at 4h. 55 m. M. Turned steam into the N. box 
atsSh. 10m. At 5h. om., N. box= 70° F. The number of fringes = — 220. 
At 8 h. 50 m. N. box = 67°.8 F. The number of fringes = 70. At gh. om. refilled 
the W. box with ice. 

July 19, 5 h. 15 m.— Before filling the W. box with ice the temperature = 0°.98; 
N. box = 65°.20. 5h. 20m. — Filled W. box with ice. At 9h. 30m., N. box 
= 64°.80. Number of fringes = + 22. At 10h.om., N. box = 64°.90. Number 
of fringes = 22.0, At 10 h. 30 m., N. box = 64°.90. Number of fringes = + 16.1. 
At 10 h. 45 m., N. box = 64°.90. Number of fringes = + 12.0. At 11 h. 15 m., N. 
box = 64°.90. Number of fringes = + 8.6. At 11 h. 25 m., stationary point 
apparently reached. 

July 20, 10 h. o m. — W. box = 1°.16, N. box = 68° .55. Turned steam heat into the 
air space surrounding the room in which the refractometer is mounted. 2h.om.— 
Filled W. ice-box. Room = 68°F. 7h. 40 m. — Filled ice-box. Room = 78°. 
7 h. 45 m. — Started air pump. 


OBSERVATIONS TO DETERMINE THE LENGTH OF TIME REQUIRED AFTER THE AIR IS 
EXHAUSTED BEFORE THE STATIONARY POINT IS REACHED. 


Time. “fringes. W. box. | N. box. Time. ‘—. W. box. N. box. 

h. m. h. m. 
7 55 — 0.0 +0.00 68.46 8 16 —17.4 —0.04 68.57 
8 0 — 3.0 +0.00 68.48 8 24 —22.7 —0.02 68.61 
Ss — 5.6 +0.00 68.52 8 26 — 26.7 —0.02 68.61 
8 5 — 7.1 —0.01 68.52 8 33 —32.5 —0.03 68.63 
8 7 — 9.0 —0.03 68.54 8 35 —35.0 —0.00 68.65 
8 9 —11.9 —0.05 68.54 8 40 — 38.0 —0.00 68.67 
8 14 —15.0 — 0.04 68.57 


July 21, 5 h. 15 m. A.M. — Before filling with ice found the reading of W. box = + 0°.8o, 
N. box = 69°.60. 5h. 30 m.— Filled the W. box with ice and turned off about 
half of the water melted during the night. 
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| MADE THE FOLLOWING OBSERVATIONS TO ASCERTAIN WHEN THE STATIONARY POINT 


Time. gg W.box. N. box. Time "on | W. box. N. box 
hm | h. m. 
640 -414 | +011 | 69.28 8 50 —63.8 | +0.03 | + 69.50 
650 | —474 | +011 69.30 9 5 —74.5 | —0.05 69.46 
7 2 | —53.0 | +0.02 | 69.30 930 | —75.0 | —0.02 69.48 
712 | —59.0 | +0.05 69.30 940 | —765 | —001 69.48 
720 | —63.2 | +0.05 | 6932 | 10 0 | —768 | —0.01 69.45 


10h. 10 m. Stationary point apparently reached. 


July 22, 8 h. 30 m. M. — Exhausted the air from the boxes. 


Time. W.box. | N.box. | Time w. box. | N. box. 
hm. | h. m. 
10 1 | -778 | +017 | 7066 | 11 1 | — 975) +000 | 70.69 
1016 | -86.0 +010 | 7069 | 1110 | — 995) +000 | 70.69 
1031 | -895 +005 | 7070 | 1121 | -1020| —oo1 | 70.69 
10 41 | —945 —003 | 7069 | 1131 | —1020} +000 | 7069 
10 37 | -9%.0 +000 | 7069 | 1141 | —1020| | 70.9 


11 h. 45 m.—Turned steam into N. box. Temperature of N. box = 83°.16. 
Number of fringes = — 298. 2h. 20 m.—N. box = 83°.49. Number of fringes 
= — 370. 3h. 37 m. —N. box = 83°.08. Number of fringes = — 365. Stationary 
point reached. 

July 23, 5 h. 15 m. — Filled W. box with ice. Stationary point reached at 11 h. 15 m. 
Found that oil had filtered through one of the boxes, and that a drop had fallen on 
one of the mirrors, compelling the abandonment of the series at this point. 

July 27. — New series. The mirrors have been cleaned and remounted. 5 h. om. — 
Filled both boxes with ice. 

July 28. — Packed both boxes closely with ice. Kept both boxes filled with ice during 
the day. 

July 29, 4 h. 8 m. —Refilled both boxes with ice. Stationary point reached at 8 h. 
40m. 2h. 20 m.— Turned steam into N. box and raised the temperature to about 
70° F. 

July 30, 5 h. 30 m.—Filled W. box with ice. Stationary point reached at 11 h. 
5 h. 55 m. — Turned steam into N. box until a temperature of 73° C. was obtained. 
Packed the N. box with blankets for the night. 

July 31, 6 h. 12 m. — Found the temperature of N. box=50°C. 7h. 20 m.— 
Raised the temperature of the N. box to 64°C. Maintained this temperature 
within 0°.1 from this time until 4 h. 10 m. P.M. 

August 1. — Maintained the temperature at 64°.7 until 11 h. 20 m. 

August 2, 6 h. 30 m. — Reduced the temperature of the N. box to 0° C. 
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From the data given on the previous page the following equa- 
tions of condition are formed : 


SERIES I, II. 
+6744=a+ 0.016 262.1=>a+ 0.036 
+ O1=a+ 18.456 262.2 =a+ 0.036 
04=a+4+ 18.456 262.1=a+ 0.046 
03=a+ 18.466 262.2=a— 
— 88.1=a+ 21.056 1052.2 = a+ 21.906 
— 369.9 = a + 28.62 6 2601.7 = a + 63.95 3 
— 343.2 =a + 28.008 262.1 =>a+ 0.126 


From the solution of these equations by the process of least 
squares, we obtain 


Series I. &= 36.41 fringes. Series II. = 36.58 fringes. 
Mean 4 = 36.49 fringes. 


Reducing to the corresponding value for 100 cm., we have 


b = 10.45 


that is, the expansion of a bar of Jessop’s steel, 100 cm. in length, 


is 10.45 m per degree centigrade. 

It may be added that the mean of a large number of determina- 
tions of this coefficient, obtained by comparing a line-measure bar 
at varying temperatures with an end-measure bar in melting ice, 
gave, for the limits — 5°--- + 25°C., d= 10.51 w. 

It may also be added that the value of this coefficient, deter- 
mined at Sévres for a selected specimen of Jessop’s steel, was 
found by the method of Fizeau to be 


10.387 + 0.00595 pi. 


For 32° C. this becomes --- 6 = 10.58 pw. 

The result which we have obtained is to be regarded as tenta- 
tive, for our determinations of temperature have been inferior in 
accuracy to our measurements of expansion. This was owing 
(1) to our inability to get our air thermometer ready for use; and 
(2) to our partial failure to maintain the polish of our mirrors. It 
is our intention to renew the observations under conditions in 
which these difficulties will be avoided. 
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EXPLANATION OF FIGURES SHOWN IN PLATE. 


Fig. 1. First Form of Refractometer. 


(1)(2)(3) Supports of the instrument. 
(4)(5) Bronze bar 
(8)(9) Steel Bar 
(6) Diagonal mirrors. 
(7) Opening for the passage of the light from a monochromatic flame. 
(10) Reading microscope. 
(11) Adjusting rod which controls the motion of the plate upon which the bar (4) (5) is 
mounted. 
(12) Pulley and weight which hold the plate supporting (8) (9) in contact with the 
wedge-shaped plate (13) moved by a precision screw mounted on the outside 
of the comparing room in the direction of (11). 
(14) Holder for plate upon which is mounted a graduated scale. 


\ with mirrors attached. 


Fig. 2. Vacuum Refractometer (Front View). 


(1) Front end of west box which contains the bronze bar, mirrors, adjusting rods, etc. 
(2) Index of precision screw by which motion is communicated to (1), and apparatus 
for counting fringes. 

(3) Front end of north box which contains the steel bar, mirrors, adjusting rods, etc. 
(4) Extension of the vacuum boxes within which the diagonal mirrors are mounted. 
(5) Fringe counting apparatus. 
(6) Connections with Ruhmkorff coil, and mercury vacuum tube, etc. 
(7) Shafting of apparatus for driving the precision screw with uniform motion. 
(8)(9) Vacuum tubes for thermometers. 

(10) Air thermometer. 

(11) Automatic rotary air pump. 


Fig. 3. Vacuum Refractometer (Rear View). 


(1)(2) Guides to the Cathetometer. 

(3) Connection of air thermometer with vacuum box. 
(4)(6)(7)(9) Vacuum boxes. 

(5) Diagonal mirrors. 

(8) Connections for steam and water with north box. 


Fig. 4. Air Thermometer. 
(1) Cathetometer frame. 
(2)(3) Movable plate-holders balanced by weights attached to pulleys near (9). 
(4)(5) Reading microscopes. 
(6) Mercury reservoir. 
(7) Mercury tubes. 
(8)(9) Slow motion apparatus for making contact of the jolly-point with the meniscus 
of the mercury column. 
(10) Tube connecting the air thermometer with the vacuum boxes. 
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AN EXPERIMENTAL STUDY OF INDUCTION PHE- 
NOMENA IN ALTERNATING CURRENT CIRCUITS. 


By F. E. MILLIs. 


II. Circuits containing Resistance, Self-induction, and Capacity. 
I. CHARGE AND DISCHARGE OF CONDENSERS. 


N an article which appeared in a recent number of this journal, 

the author gave an account of some experiments upon induc- 

tion phenomena in alternating current circuits containing resist- 

ance and self-induction.! It is the object of the present paper to 

present the results of some experiments made upon circuits con- 
taining resistance, self-induction, and capacity. 

Since the Leyden jar was first constructed in 1745, the condenser 
has been a source of interesting and fruitful study. The early 
experiments with the Leyden jar were all made in efforts to deter- 
mine the nature of electricity and its effects, and it was not until 
the year 1824 that the account of an attempt to study the character 
of the electrical discharge of the Leyden jar was given. 

In that year Savary first observed that fine steel needles, when 
taken out of magnetizing helices through which these jars had 
been discharged, were not always magnetized in the proper direc- 
tion. After many repetitions of these experiments and much 
study of the phenomena, Joseph Henry was led to say in 1842: 
“ The phenomenon requires us to admit the existence of a principal 
discharge in one direction, and then several reflex actions back- 
ward and forward, each more feeble than the preceding, until 
equilibrium is established.” ? 


1 PHysICAL REviEWw, Vol. III., 1896, p. 351. 
2 Scientific Writings of Henry, in Smithsonian Institute Publications, 1886. 
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In 1847 Helmholtz said: “We assume that the discharge (of a 
jar) is not a simple motion of the electricity in one direction, but a 
backward and forward motion between the coatings, in oscillation, 
which becomes continually smaller until the entire vis viva is 
destroyed by the sum of the resistances.” He also says: “The 
notion that the discharge consists of alternately opposed currents 
is also favored by the phenomenon, observed by Wollaston while 
attempting to decompose water by electric shocks, that both 
kinds of gas are evolved at both electrodes.”! 

In 1853 Sir William Thomson published a theoretical discussion 
of the different characters of condenser discharges obtained by 
placing in the discharge circuit different amounts of resistance and 
self-induction. ? 

He showed that if the discharging circuit contains a resistance 
and no self-induction, the discharge will be continuous, and that if 
times be plotted as abscissas, and the quantity of the charge in the 
condenser at the various times be plotted as ordinates, the curve 
of discharge will be a logarithmic curve, falling rapidly at first, 
then more and more slowly, becoming horizontal after an infinite 
time, though practically so after the small fraction of a second. 
By increasing the self-induction the discharge curve is made to fall 
less and less rapidly, being no longer a simple logarithmic curve, 
until finally when the self-induction exceeds a certain value the 
curve no longer falls continuously, but vibrates back and forth on 
each side of its zero value with ever decreasing amplitude. 

If instead of guantity curves, the current at successive instants 
be plotted as ordinates, the current curves will have the same 
general characteristics as the quantity curves, except when there 
is an appreciable self-induction in the circuit, yet not enough to 
cause the oscillatory discharge. In that case the discharge current 
will rise rapidly at first, after which it will die down more slowly 
to zero. 

It was the strong probability of oscillations in condenser dis- 
charges that seems to have created an interest in these phe- 
nomena. Though Henry and Helmholtz had expressed a belief 


1 Erhaltung der Kraft (Berlin, 1874). 
2 Phil. Mag., IV., Vol. 5, 1853, p. 393- 
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that such oscillations exist, it was not until after Thomson had 
shown mathematically that oscillations should be expected, that 
any attempt was made to demonstrate their existence experi- 
mentally. 

Feddersen made public some preliminary results in 1857, and 
three or four years later published a complete account of his ex- 
periments.!_ His condenser consisted of Leyden jars, the dis- 
charge of which produced a spark across an air-gap. With a 
stationary concave mirror and a rapidly revolving mirror he pro- 
jected a real image of the spark on a ground glass screen, where 
he viewed it with a low power telescope, or projected the image on 
a sensitive plate to be photographed. 

Because of the small capacity of the Leyden jar and the high 
potential to which it may be charged, it has always been studied 
by means of its spark phenomena, produced either in a vacuum 
tube or across an air-gap. The attractiveness and simplicity of 
these experiments, and the theoretical interest of the Leyden jar, 
have led to its discharge being studied under almost all conceiv- 
able conditions. 

Plate or slab condensers of large capacity have been on the 
market only a few years, and as they are not constructed to 
stand the high potentials to which Leyden jars are charged, and 
since their discharge occupies but a small fraction of a second, 
their phenomena have usually been studied by the employment of 
some device which enables the experimenter to charge the con- 
denser for varying short intervals of time, then to measure these 
charges by ballistic methods, such as by allowing the condenser to 
discharge itself through a galvanometer. 

The curve of charge is then obtained by plotting times of 
charging as abscissas, and the corresponding charges as ordinates. 
The discharge curves are then assumed to be the same as the 
charge curves, since mathematical considerations show them to 
be so. 

Considerable work has been done on the discharge of plate 
condensers during the last six years, and so far as I have been 


1 Pogg. Ann., Vols. 103, 108, 112, 113, 115, and 116. Also, Ann. de Chim. et de 
Phys., III., Vol. 69, 1863, p. 178. 
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able to find, there has been but a single exception to this 
general method of procedure.' Fairly uniform results have been 
obtained by the above method, and yet one can never feel per- 
fectly satisfied with a curve built up in this manner. The curve 
is not secured by one discharge, but by as many discharges as 
there are points observed on the curve, and one cannot be certain 
that sufficiently uniform conditions can be secured to insure that 
every charge shall be just like every other. The difficulty of 
measuring accurately the exceedingly short intervals of time dur- 
ing which the condenser is receiving its charges, and the impossi- 
bility of varying these intervals by sufficiently small amounts to 
bring the consecutive points on the curve close together, must 
also always leave a doubt as to whether the exact curve is 
obtained by such readings. And even if the points were suffi- 
ciently near one another, the experimenter is at a loss whether to 
attribute slight variations from a smooth curve to errors of measure- 
ment, or to some peculiarity in the behavior of the condenser. 
One would feel much more sure of his conclusions if he were 
certain that he had an instrument which would trace accurately 
either the quantity curve or the current curve as it is actually 
formed. 

In the year 1889? Frélich attempted to obtain such a trace of 
current curves by attaching a small mirror at a point between the 
center and the circumference of a telephone diaphragm, and then 
discharging the condenser through the coil of the telephone. 
Light from an are lamp was reflected from this mirror to a 
moving photographic plate, or to a revolving mirror, whence it 
was reflected to a screen to be observed. 

Frélich argued that though there is a considerable mass to 
move in the telephone diaphragm, yet it must follow quite accu- 
rately minute current changes in the telephone coil, else the 
characteristics of the human voice would be more greatly altered 
when speaking through the instrument than experience shows 
them to be. He found, however, that the current curve as 
recorded by the telephone differed considerably from the known 


1 Frélich’s experiment, described below. 
2 Elektrotech., Zeit., 1889, p. 345. Also, Electrician (Lond.), Vol. 28, 1891, p. 59. 
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form of the current which he sent through the _ instrument, 
because of the distortions due to the natural vibrations of the dia- 
phragm. He proposed to determine the proper correction for a 
given instrument, once for all, and then to apply this correction to 
whatever curve he might be studying. But such a procedure is not 
all that could be desired. The telephone also possesses a consid- 
erable self-induction, and seems to be sensitive to outside dis- 
turbances. 

The curves presented with this paper were obtained with a 
slightly modified form of the galvanometer described in a previous 
article by H. J. Hotchkiss and the writer.! 

The apparatus as described in the article referred to was found 
to record satisfactorily alternate and induced current curves.” 
It also gave good results in tracing continuous discharge curves 
of the condensers when there was high resistance in the discharge 
circuit, but in the oscillatory discharges the oscillations of the 
current were so rapid that it was necessary to use a needle of 
higher natural period. 

Mr. Hotchkiss has rendered the apparatus portable, more con- 
venient, and easily adjustable, by substituting a permanent com- 
pound horseshoe magnet for the electromagnet. To compensate 
for the weaker field thus produced, the pole-pieces are brought 
much nearer the needle. Two coils are used instead of one, and 
the thin pole-pieces project in between these coils, almost touching 
the support of the needle. This support is a brass wire } of an 
inch in diameter, and has a groove an inch long, ie of an inch 
wide, and ;'; of an inch deep, cut lengthwise in one side. At the 
bottom of this groove in the middle, a hole ;*; of an inch long, 
and of the same width as the groove, is drilled entirely through 
the wire. 

The two ends of the quartz fiber, to which the needle and mirror 
have previously ‘been fastened, are then securely attached with 
shellac to the shoulders thus formed at the bottom of the groove, 
so that the needle and mirror are in the center of the wire, with 
their longer axis, their axis of rotation, in the axis of the wire. 


1 PHYSICAL REVIEW, Vol. 3, 1895, p. 49. 2 Ibid. 1896, p. 351. 
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The two coils, the thin pole-pieces, and the needle are supported 
in their proper positions by a block of wood. Mr. Hotchkiss has 
given a fuller description of this portion of the apparatus in a 
thesis which will soon be published in this journal. 

The needle used was 1.5 mm. long —its vertical dimension — 
0.8 mm. wide, and 0.075 mm. thick. The mirror was made of the 
thinnest procurable microscope cover-glass silvered, and was of 
about 2 the dimensions of the needle. The length of the free 
portion of the quartz fiber was 4; of an inch. 

To measure the natural period of the needle, a piece of micro- 
scope cover-glass mirror, about the size of the one attached to the 
needle, was shellacked to the end of one prong of a heavy tuning- 
fork known to make 1228.8 single vibrations per second. The 
fork was mounted just above the needle, so that the light from 
the arc lamp would fall upon its mirror. The needle was then 
deflected by a storage battery, the fork was bowed, and the plate 
dropped, breaking the circuit as it passed the slit. While the 
needle was coming to rest it vibrated almost exactly 13.85 times 
as rapidly as the fork. 

To measure these vibrations, the plate was placed in a lantern, 
and the curves thrown upon a paper screen, magnified about 
eighteen times; the extremities of the amplitudes were then care- 
fully marked on the screen. With a T square, a pair of dividers, 
and a diagonal scale the divisions were measured and counted. 
41.55 periods of the needle were found to correspond to 3 periods 
of the fork; hence the needle made 17,018 single vibrations per 
second. 

A hand-feed arc lamp burning }-inch cored carbons was con- 
structed and so mounted that the carbons made an angle of 30° 
with the vertical. A very strong steady light was obtained from 
this lamp by using carbons of high grade, and by adjusting the 
carbon points as close together as was possible without causing 
the arc to hiss with a strong current. 

A narrow vertical slit placed three inches in front of the arc 
allowed the light to fall upon the mirror, from which it was re- 
flected to a horizontal slit. Behind this second slit a photographic 
plate was dropped with a velocity of nearly ten feet per second. 
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The vertical slide down which the plate holder fell was nearly 
three feet high, and was constructed so as to let the plate fall 
freely, and yet allow as little displacement sidewise as possible. 

A plate-holder was constructed to carry a plate 8 x 2} inches, 
thus allowing 5 x 8 plates to be used when cut lengthwise. The 
apparatus was set up in a basement room, partially darkened to 
prevent fogging of the plate. 

In Sir William Thomson’s discussion above referred to, he 
arrived at the following general equation expressing the current of 
discharge of a condenser when it is short-circuited by a circuit con- 
taining resistance, self-induction, and capacity : 

R 
(1) 
where & is the resistance and Z the self-induction of the discharge 
circuit, C the capacity and Q the maximum charge of the con- 


k?2 
denser, and a is equal to 1 — 


‘Since the curves here given are all current curves, Thomson’s 
equations for the quantity of electricity and his discussions of 
them are not given. 


CONTINUOUS CHARGE AND DISCHARGE. 


Equation (1) represents two distinct characters of discharge, 


2 
depending upon whether a is real or imaginary. If WE: ok ) 


what amounts to the same thing, if R?C>4Z, the discharge is 
continuous. The simplest case is when Z =o. Equation (1) then 
reduces to 


r, 


OQ (2) 


~_¢ CR 


R 


which shows that when self-induction is absent the current begins 
instantly with its maximum strength, and decreases according to a 
logarithmic curve as the charge gradually and permanently leaves 
the condenser. 

The self-induction of the coils surrounding the needle of the 
galvanometer was too small to be measured by direct methods. 
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Indirect methods showed that it certainly was not more than a 
few ten-thousandths of one henry, consequently the self-induction 
of the instrument may be treated as practically equal to zero. 

If the instrument is simply connected in series with a non- 
inductive resistance in the discharge circuit, the sudden rush of 
current upon closing the circuit throws the needle so violently as 
to set it vibrating and prevent its tracing the proper curve. Con- 
sequently the connections 


K == 
shown in Fig. 1 were used. 
. T 
In this diagram C represents Ro 
Fig. 1. 


the condenser; #, a storage 
battery ; A, a bank of incandescent lamps; G, the galvanometer ; 
and X the key, which is opened by the falling plate. 

It will be seen that when & is closed, the needle is deflected by 
a steady current, equal to the initial value of the discharge current 
which flows from the condenser through the galvanometer when 
the dattery circuit is broken at A by the falling plate. For the 


steady currentis / = a where £ equals the difference in potential 


to which the condenser plates are constantly charged while X is 
closed. And by equation (2), the initial value of the discharge 


current is 7) = But Q = EC, therefore, /=7. Under these 


CR 
conditions the needle traces accurately the rapidly decreasing cur- 
rent. Curve No. 1 (see Plate I. opposite page 142) is a discharge 
curve obtained with these connections. 

For curve No. 1, £=0; C=8.31 microfarads; V = 280 volts. 
The condensers were always charged by storage cells in an adjoin- 
ing building. The resistance consisted of four high voltage 
incandescent lamps grouped two in series, and these groups in 
parallel. The resistance of this group was 445 ohms, cold, and 
280 ohms when subjected to a potential of 220 volts. Their resis- 
tance was therefore probably not far from 240 ohms when sub- 
jected to a potential of 280 volts. Taking the resistance of the 
circuit as 240 ohms, the /*me constant of the curve, T=CR 
= 8.31 x 10°” x 240 x 10°= 8.31 X 10° X 240=.001994 seconds. 
The curve was thrown on the screen and enlarged. This was 
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carefully traced, and measurements made from the tracing, from 
which 7 was determined to be .00197 seconds. The difference 
between this and the computed value might easily be accounted 
for by an error in the assumed resistance of the lamps. 

By assuming the initial conditions for charging the condenser 
in determining the constants of integration, the general equation 
for charging 


Q at __ 
2 le (3) 
reduces to i= (4) 


when Z =o. 
It should be noticed that equation (4) is the same as equation (2) 
except in sign, indicating that the current flows in the opposite 


K =" 


OG 


Fig. 2. 


direction, but that the curves are perfectly similar in shape. 
As in curve I, the needle must be permanently deflected before 
the plate is dropped. This was accomplished by the connections 
shown in Fig. 2, where the lettered parts are the same as in Fig. 1. 

When X is closed, the current flows through the galvanometer, 
and since the two terminals of the condenser include no resist- 
ance they are at the same potential ; but when X is opened by the 
falling plate the condenser will become charged, the needle fol- 
lowing the current as before. This curve is not shown because it 
is perfectly similar to curve No. 1. 

If we differentiate equation (1) with respect to the time, and 


ai 
to zero, we see that the current reaches its maximum 


equate 


value at a time given by 
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after which it gradually diminishes to zero. We thus see that 
when there is considerable self-induction in either the charge or 
the discharge circuit, R?C still remaining greater than 4Z, the 
charge and discharge will be continuous, but the current will in- 
crease slowly enough so that the needle will be able to follow it 
from zero. Since equation (1) differs from equation (2) only in 
sign, for every discharge curve there is an exactly similar charge 
curve for similar conditions of circuit. . 

To obtain the current curve of charge when the circuit contains 
considerable self-induction, it is only necessary that the galvanom- 
eter be placed in series with the charging battery, the condenser, 
the self-induction, and the resistance. For all the curves show- 
ing the charging current under the above-mentioned conditions 
the galvanometer was so placed. 

For the corresponding discharge curves, the galvanometer 
should be in series with the condenser, the self-induction, and the 
resistance, but zo¢ with the battery. 

In these experiments the key operated by the falling plate had 
three terminals, one of which could be connected to either of the 
other two. For the discharge curves, with self-induction in the 
circuit, the movable terminal was connected to one of the others 
so as to charge the condenser without disturbing the needle. 
The falling plate broke that connection, and closed the discharge 
circuit through the galvanometer and the induction coil. 

As no compensation was made in this circuit for the resistance 
of the battery, the resistance of the discharge circuit was always 
less than that of the charge circuit. The effect of this difference 
in resistance will be discussed in some of the curves. 

Curve No. 2 is a discharge curve for which C = 8.31 microfarads, 
ZL =0.036 henrys, V = 280 volts, and RK = 400 ohms, when the 
lamps are cold. As measured on the curve, ¢ = 0.00046 seconds. 
By computation, 0.00034 seconds, for R= 400 ohms; and 
t=0.00041 seconds, computed for RK = 280 ohms, the resistance 
of the lamps hot. The current heats the lamps considerably even 
though it flows for so short a time, and it is impossible to tell 
what the true resistance should be. It must be remembered also 
that the resistance is not constant. 
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OSCILLATORY CHARGE AND DISCHARGE. 


When K?C<4Z, the right-hand member of equation (1) 


becomes imaginary in form. But, if we employ the exponential 


values of the sine and cosine, the equation becomes 


sin (@ 2) (5) 


2 
where a’ = (+ 
CL 


Equation (5) may be written in the more convenient form 


7= SL 
2CL (0) 
This equation represents an oscillatory current with a period 
V4CL — R?C? 
2CL 


If R is so small as to be neglected this expression reduces to 
In the case of the oscillatory curves which follow, the result is 


affected by less than ;/5 of 1 per cent by neglecting X. 
The oscillations die down according to the logarithmic curve 


t= 20 — 
V4CL — R°C? 


e 24. See (6). 


The ¢2me constant 2S of this curve will be designated by r. 


Curve No. 3 is a curve of discharge for which C = 8.31 micro- 
farads, L = 0.036 henrys, R = 5.3 ohms, and V = 210 volts. 


Q = CV = 0.00000831 x 210 = 0.001745 coulombs. 


20 R 


= 3.2, ——= 73.6. 
V4lC— 2L 


RO 


= 1826.85. 
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Hence the equation for curve No. 3 is 
t= 3.2€°°" sin {1826.85 7}. (7) 


The initial value of the logarithmic curve tangent to the oscilla- 
tory curve is 3.2; and 


= 2072 X 10° 


53x = 0.0136 second. 


From measurements on the curve 7 is found to be 0.011 second, 
a discrepancy of about 20 per cent. For the period we have 


T=2 rV CL =2 7V0.00000831 X 0.036 =0.00344 sec. 


Measurements of the curve give 7 = 0.00326 second, a difference 
of more than § percent. It is to be noted that the computed time 
constant is more liable to error than is the period; for the value 
of the former will be greatly influenced by the presence of 
Foucault currents in neighboring conductors. Conducting sub- 
stances were removed so far as was practicable ; but it can scarcely 
be doubted that enough metallic particles were left to account for 
a considerable increase in the rate at which the oscillations were 
damped. Cases where the effect of eddy currents is very strik- 
ingly in evidence will be referred to later. 

The following table gives the constants for five different 
curves : 


OSCILLATORY CURVES. 


No. 3. No. 4. No. 5. No. 6. No. 7. 
Discharge. Charge. Discharge. Discharge. Discharge. 
C, microfarads | 8.31 8.31 8.31 2.66 1.00 
Z,henrys. .| 0.036 0.036 0.036 0.036 0.036 
R,ohms . . 5.3 5.3 ? eS 5.3 5.3 
V, volts . . |210.0 280.0 210.0 210.0 280.0 
7,, computed . | 3.2 amp. 4.26 amp. 3.2 amp. | 


7, computed. 0.00344 sec.) 0.00344sec.) 0.00344sec.) 0.00194sec.} 0.00119 sec. 
7, measured . 0.00326 sec.| 0.00328sec.) 0.00333 sec.| 0.00190 sec.| 0.00118 sec. 
T, computed . 0.0136 sec.| 0.0136 sec.| 0.0136 sec. | 
7, measured . 0.0110 sec. 0.0062 sec. | 0.0111 sec. 

Differencein 7| 5 % 5% 3% | 2.5% 1+% 
Difference in r| 20 9, 50 + | 20 | 
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Curve No. 7 was obtained with a new standard mica condenser. 
All the others were with paraffin slab condensers which had been 
used by students in the general laboratory for two or three years. 
It will be noticed that the computed value of 7 is larger than the 
measured value in every case. This was true in all the other 
curves measured, and would seem to indicate that either the self- 
induction of the circuit or the capacity of the condensers was 
smaller than it was considered to be in the computations, for I 
think all these measurements on the curves could certainly be 
made to within 2 per cent. 

Notice also that the observed time constant for the discharge 
curves is 20 per cent smaller than the computed value. This 
would indicate either that the resistance of the circuit is consider- 
ably more for a current making 300 oscillations per second, or that 
the self-induction was taken too large in the computations, or 
that Foucault currents were somewhere set up by the oscillating 
current. The latter explanation seems the most probable. 

The resistance of the whole discharge circuit, key and all, was 
carefully measured on a Wheatstone bridge. The self-induction 
was measured by the three-voltmeter method, on a circuit of 117 
periods per second, and the readings were made with the ordinary 
Whitney instruments. 

The discrepancies in both 7 and + would be diminished by 
taking the value of Z smaller in the computations. 

The time constant for the charge curves is always much smaller 
than for the discharge curves. Compare curves 4 and 3 or 5. 
This is in part accounted for by the fact that the charge circuit 
contained a few hundred feet of No. 10 connecting wire, the clips 
at three switchboards, and 140 storage cells, some of them quite 
small, in addition to the resistance of the discharge circuit. 

Compare curve No. 7 with No. 3, or No. 5. The ratio of the 
square root of their capacities is 1.77 —, and the ratio of their 
periods is 1.74 +, a difference of about 2 per cent, showing that 
the periods are proportional to the square roots of the capacities, 
as the formula indicates, for small resistances. These curves, 
with many others obtained, show that the period is independent 
of the potential to which the condenser is charged. 
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The self-induction coil used in making the above curves con- 
sisted of 40 pounds of No. 10 copper wire, with no other metal 
about the coil. The same coil was used in the curves that follow, 
but in the case of curve No. 8 the coil contained an iron core 2.5 
inches in diameter, the internal diameter of the coil being 3 inches. 

In curve No. g the solid core was replaced by an iron tube 3% 
inch in thickness and filling the opening in the coil. 

In curve No. 10 the core was of nearly solid brass, and in 
curve No. 11 the core was a brass tube, } of an inch thick. 
In all four of the curves C = 8.31 mf., Z = 0.036 henrys, R = 5.3 
ohms, and V = 280 volts. 

It should be noticed that curves No. 8 and No. 9 are alike. 
That is, the iron tube has practically the same effect as the solid 
core. 

The period is just double what it is without the iron, showing 
that the self-induction has been increased about fourfold. Instead 
of getting sixteen or eighteen oscillations, as in the former dis- 
charge curves, we get only two, that is, the time constant is 
greatly diminished. In the two curves when the coil contained 
brass instead of iron the period is unchanged, but the damping 
is greatly increased. It is to be remembered that Thomson 


obtained a as a time constant on the assumption that there are 


no circuits near by in which eddy currents can be developed. 
This condition is far from fulfilled when the coils contain metallic 


2 does not represent the time constant; the 


> 


cores. Therefore 


denominator should contain in addition to the ohmic resistance, 
an important term due to the absorption of energy by the Foucault 
currents set up in the metallic cores. With the rapidity of oscilla- 
tions here obtained these eddy currents do not penetrate far into 
the metal, and the tubular cores are as effectual in damping the 
oscillations as are the solid cores. 

The disturbances at the end of the fourth oscillation in curve 
No. 5, in the sixth oscillation of No. 6, in the tenth oscillation 
in No. 7, in the fourth oscillation of No. 10, and in No, 2, are 
evidently due to some peculiarity in the discharge of the condenser. 
It is seen to a greater or less extent in nearly all of the curves, 
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whether of charge or discharge. I have one negative of a charge 
curve in which the curve is displaced 0.0938 inch, making that 
particular period 0.00449 instead of 0.00333 second. In another 
negative of discharge one period is 0.00417 second. In both 
curves the periods on both sides of the disturbance are of the 
normal length, and on neither plate is there the slightest trace 
of a disturbance in the tuning-fork curve. 

This disturbance cannot be due to any sudden motion of the 
plate, for the tuning-fork curve would then show the same disturb- 
ance. Neither can it be due to any disturbance of the galvanom- 
eter needle, because in all cases the particular period in which it 
occurs is lengthened, displacing the whole remaining portion of 
the curve. The disturbance is as marked in the discharge of the 
standard mica condenser as in that of the paraffin condensers. It 
is as marked when the condenser is charged to go volts as when 
charged to 280 volts. It usually occurs near the axis of the curve, 
which corresponds, of course, to the maximum amplitude of the 
electromotive force. curve; but it occurs as often when the con- 
denser is nearly discharged as when its voltage is higher. The 
disturbance is certainly a very puzzling one, for which I have not 
yet been able to find a satisfactory explanation. 


( To be continued.) 


PHYSICAL LABORATORY OF CORNELL UNIVERSITY, 
June, 1896. 
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PLATE Il. 


1, Continuous discharge. L =O. 7. Oscillatory discharge. C= 1.00 microfarad. Other conditions 
: as in Curves 5 and 6. 


2. Continuous discharge. L= 0.036 henrys. 


10. Oscillatory discharge. Coil with solid brass core. 


8. Oscillatory discharge. Coil with solid iron core. 


9. Oscillatory discharge. Coil with tubular iron core. 11. Oscillatory discharge. Coil with tubular brass core % inch thic 


MILLIS: CHARGE AND DISCHARGE OF CONDENSERS. I. 
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PLATE Ii. 


ATE |. 


onditions 3. Oscillatory discharge. 


Oscillatory charge. 


on 


. Oscillatory discharge. C= 8.31 microfarads. 


inch thick. 


6. Oscillatory discharge. C= 2.66 microfarads, Other conditions the same as in Curve 5. 
MILLIS: CHARGE AND DISCHARGE OF CONDENSERS. II. 
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MINOR CONTRIBUTIONS. 


ADMITTANCE AND IMPEDANCE Loc1.! 
By FREDERICK BEDELL. 


HE quantities chiefly considered in the discussion of alternating cur- 
rents are electromotive forces and currents, the values of these being 
determined for different conditions. Electromotive forces and currents are 
commonly represented by vector diagrams ; and the change in these dia- 
grams, as some one quantity is varied, is shown by the loci of the vectors 
which are altered thereby. What may be termed electromotive force and 
current loci are thus determined. The numerical values for which these are 
constructed necessarily depend upon some condition involving an assumed 
value either of the current or of the electromotive force: thus, we may 
assume a certain current to be constant (as the primary current of a trans- 
former), and construct an electromotive force diagram with loci showing 
the changes in the various electromotive forces as some part of the circuit 
is changed ; or, we may assume the impressed electromotive force constant, 
and ascertain current loci for the same variation. Let us limit ourselves to 
the transformer. In the first case above, it will be found that the constant 
assumed primary current, /,, is a factor in the value of every line represent- 
ing the components of the primary electromotive force, Z,. By factoring 
out /,, we have an impedance diagram similar to the electromotive force 
diagram, and without any assumption as to the value of the current or 
electromotive force. Similarly, each line in a current diagram, constructed 
for a constant impressed electromotive force Z,, represents a current which 
is a multiple of an admittance (the reciprocal of an impedance) and the 
factor #,. By factoring out #,, an admittance diagram is consequently 
obtained, similar to the current diagram but with no assumption as to the 
current or electromotive force. Admittance and impedance diagrams 
accordingly correspond to current and electromotive force diagrams, respec- 
tively, differing from them only by a factor. 
impedance and admittance loci, or electromotive force and current loci, 
for the primary of a transformer, will in general be arcs of circles for changes 
in any one of the constants of the primary or the secondary circuit. 
Some interesting relations arise’ from the reciprocal nature of admittance and 
impedance. Let us note the following relations between reciprocal vectors : 


1 Read before the Physical Society of London, June 26, 1896. 
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If any vector has an arc of a circle for its locus, a vector proportional to 
its reciprocal will have an arc of a circle for a locus. In Fig. 1, let p, be 
any vector from the origin O, having its 

~ locus as shown upon the arc of a circle. : 
The vector p,, drawn in the direction of 
pi, and proportional to its reciprocal, will 
have its locus upon an arc of a circle, 
which may be shown as follows. Let p, 
and p,’ represent the vector in any two 
positions, OA and OA‘. The intercepts 
Oa and Oa’ will represent the reciprocal 

'. 


vectors p, and p,'; for, in the similar tri- 
angles OA'a and 


Pi+Pi Po 
Hence p;'p2' = pip, = a constant. 


The value of this constant product of 
and p, is OG’. 

Fig. 1. By a suitable selection of scale, the loci 

Reciprocal Vectors, p; and pg. of p, and its reciprocal p, may be repre- 

sented as arcs of the same circle, as in ' 

Fig. 1; or they may be represented 

by different circles, as in Fig. 2. In 
the latter case, 


pipz = OG, - OG, = a constant. 


As the origin O approaches the circle 
which represents the locus of p,, the 
center of the reciprocal circle becomes 
more distant, and its radius becomes 
greater. When the origin O is a point 
in the circumference of the first circle, 
the center of the reciprocal circle is at 
an infinite distance ; that is, the recip- 
rocal locus is a straight line. 

Let us apply these principles to 
the transformer diagrams. The locus 
of the primary impedance, as some 
particular quantity is varied, is a por- 
tion of a circle. For example, this 
may be shown to be the case when the Fig. 2. 
secondary resistance is varied. Since Reciprocal Vectors. 
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the admittance of the primary is the reciprocal of its impedance, the 
admittance may be represented by the vector p, in the above construction, 
if the impedance is represented by p;. These loci may be drawn to scale 
for actual values. 

In a constant current transformer, the primary electromotive force varies 
directly as the primary impedance. In a constant potential transformer 
the primary current varies directly as the primary admittance. But the 
admittance is the reciprocal of the impedance ; hence if we have an arc of 
a circle for the locus of the primary electromotive force when the primary 
current is maintained constant, we may employ the above method to 
obtain the arc of a circle which will be the locus for the primary current 


Fig. 3. 


when the transformer is supphed with a constant electromotive force. The 
converse operation may likewise be performed. 

In Fig. 3, let the circle C, represent the locus of the primary electro- 
motive force £, during some particular change of condition, the primary 
current meanwhile being maintained constant and in the direction OA. 
The difference in phase between the current and electromotive force is the 
angle ¢,. The locus of the primary current under the same change of con- 
ditions, if the primary electromotive force is maintained constant, is the 
dotted circle C,, which is reciprocal to C,. If the constant electromotive 
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force is drawn in the direction OA, the locus of the primary current is the 
circle C,', drawn so that the angles AOC, and AOC,' are equal. 

An application of the method of reciprocal vectors is shown in Fig. 4. 
Positive rotation is counter-clockwise. The semicircle JKN represents the 
locus of the primary electromotive force of a transformer, when the primary 
current is constant and is in the direction of OA, and the secondary resist- 
ance is varied. 

The electromotive force has the position OJ on open circuit, and ON on 
short circuit. OH is the power electromotive force on open circuit, and 
includes the effects of primary resistance and the losses due to hysteresis 
and eddy currents ; HJ is the electromotive force to overcome the primary 


Fig. 4. 

Method of obtaining Primary Current Mb by the Principle of Reciprocal Vectors. 
self-induction. These are in the direction of the primary current, and at 
right angles to it, respectively. A line from J to K, at right angles to the 
secondary current, would show the reaction of the secondary upon the 
primary. It is to be noted that the line NH represents the effects due to 
magnetic leakage. It is desired to find the locus for the primary current 
when the primary electromotive force has a constant value, and is drawn in 
the direction OA. The angle of lag 6,, between the primary electromotive 
force and current on open circuit, is JOH. Accordingly, with a constant 
electromotive force in the direction OA, the open circuit current /, is laid 
off lagging behind the electromotive force at an angle of AO/’ = 6, = JOH. 
The open circuit current 4, may be laid off to any convenient scale. To 
construct the locus for the primary current, proceed as follows: Lay off 
the line OC, so that the angles AOC, and AOC, are equal. The point C, 
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is located so that OC,: OC,:: O07’: O7. ‘The primary current locus is then 
drawn as the arc of a circle with C, as a center, passing through 7’. 
The limits of the primary electromotive ‘ 


A 
force locus are the points J and N. The 
corresponding limits of the primary current ‘ 
locus are the points 7’ and x’. It will be § 
r noted that these points correspond to the 7 : 
points 7 and # on the circle C,, which are 2 
= 
reciprocal to the points J and N, é 
In the absence of magnetic leakage, the 
points N and a coincide. The point n lL a 
would then lie in the line OA. The deviation 
of the primary current locus from the line 9 
OA is produced by magnetic leakage. Fig. 5. 
i i j- Primary Current Locus for Constant 
An experimental curve showing the pri Potential 
mary current locus for a constant potential Experimentally. 
transformer, as affected by magnetic leakage, is shown in Fig. 5. 
The reciprocal relation between admittance and impedance vectors gives 
a simple method for determining the conditions for consonance and reso- 
nance in transformer circuits.’ 
A 
I, 
lH 
a 
Cc | 
& q 
A Econok& 
D | 
a 
q 
Cm 
Fig. 6. 


Effect of the Variation of the External Secondary Self-Induction in a Constant Current Transformer. i 


1 Resonance in Transformer Circuits, by Bedell and Crehore, the PHysicaL REVIEW, q 
Vol. II., p. 442. 
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Figure 6 is given as a particular instance in illustration of the statement 
given above that loci produced by the variation of any one constant are 
usually arcs of circles. The primary loci are always arcs of circles. The 
diagram shows the changes due to a variation in the secondary self-induc- 
tion. 

Figure 7 shows the effect of magnetic leakage. The curves shown are 
loci for primary electromotive force, when the primary current is 4. The 
primary electromotive force is composed of the components OH, to over- 
come ohmic resistance and supply open circuit losses, HJ to overcome 


OPEN CIRCUIT 


Fig. 7. 
Effect of Magnetic Leakage. 


self-induction, and (with absence of magnetic leakage) JK, to overcome 
the back electromotive force of mutual induction. 

The semicircle ]K,H is the locus for the primary electromotive force in 
the absence of magnetic leakage. The semicircle JK'N is the locus for 
the primary electromotive force when the coefficient of magnetic leakage ¢ 
is constant from open circuit to short circuit. In this case we have the 


relations 
JK'_ JN_ 
JK’ JN 
JK, JH? 


In an actual transformer the magnetic leakage is not constant, but varies 
with the load. The locus represented by the dotted curve JK"N is for 
such a case in which the magnetic leakage is zero on open circuit and in- 
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creases to the maximum at short circuit. Where the magnetic leakage is 
variable, it is determined for any point as K" by the ratio of JK" to JKo. 


Thus let us suppose that the back electromotive force JK", actually induced 
in the primary by the secondary current /,, is eighty-one volts ; and that 
JK», which would be the back electromotive force in the absence of mag- 
netic leakage, is 100 volts. We then have the equation 


=2=09, 
100 
which indicates that the mutual induction is nine-tenths of the value it 
would have in the case of no magnetic leakage. The coefficient of mag- 
netic leakage is accordingly found to be 10 per cent, thus: 
¢=1—09=0.10. 

Figure 7 is drawn to represent the values of the various electromotive 
forces in the primary circuit of a transformer, for a given value of the 
primary current and for different values of the secondary resistance. If the 
magnitude of each line is divided by the primary current /, Fig. 7 repre- 
sents the values for the primary impedance (without any assumption as to 
constant current or electromotive force) for different values of the second- 
ary resistance. The effect of magnetic leakage upon the primary impe- 
dance of any transformer is thus shown for different values of the secondary 
resistance. 

The above construction affords a simple method of studying the condi- 
tions for a decrease of the primary impedance of a transformer when the 
secondary circuit is closed.’ 

Curves corresponding to the dotted curve in Fig. 7 have been experi- 
mentally determined * by the writer. 


CORNELL UNIVERSITY, May, 1896. 


VisiBLE ELectric WAVES. 
By B. E. Moore. 


OON after Hertz detected electric waves by means of a spark gap 
oscillator,® other methods were devised. A Geissler tube was sub- 
stituted for the spark-gap by Dragoumis.* The bolometer has furnished 
1 Discussed at length before the Physical Society by Mr. E. C. Rimington in his 
paper on Air-core Transformers, Philosophical Magazine, Vol. 37, p. 394- 
2 Proceedings of the International Electrical Congress, Chicago, 1893, p. 234- 
8 Wiedemann’s Annalen, Vol. 31, p. 421, 1887, and subsequent volumes, or Hertz 
Electric Waves, translated by D. E. Jones. 4 Nature, Vol. 39, p. 548. 
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the most elegant and best adopted method for accurate determinations 
of wave-lengths in wires... Having no bolometer the author concluded he 
would place a Crookes tube upon the free end of the wires, to show the 
waves to a class. A large induction coil was tried for the purpose of 
exciting the primary vibrations, but found not to be in working condition. 
Little hope was entertained of obtaining any results from a Toepler-Holtz 
machine, but the venture was made. 

The apparatus was arranged as shown in the diagram.’ a@ and @ are the 
terminals of a quadruple-plate Toepler-Holtz machine. ¢ and c’ are each 
three-quart Leyden jars, carefully insulated. The outside coatings of 
these jars were connected to the terminals of the machine. The inside 
coatings of the jars were connected to a Crookes tube, 4 by means of the 
wires £ and £’. The latter were 20 cm. apart and each 7.4 m. long. The 
Crookes tube, 4, which gave the brightest flash upon discharge contained 
some phosphorescent material. The vacuum tube was 4 cm. in diameter, 
and the distance between its terminals was 26 cm. The vacuum must 
have been a high one as the condensers would discharge through a 5 cm. 
air gap in preference to discharging through the vacuum. 

With the apparatus arranged as above described and a powerful induc- 
tion coil substituted for the Toepler-Holtz machine, one can locate the 
nodes of the electric waves by simply sliding a rider, 7, along the wires. 
As was rather expected, the rider placed at any point whatever along the 
wire obliterated the discharge through the Crookes tube. The room was 
darkened, with the hope that a slight glow could be obtained when the 
rider rested upon the node points. This led to an unexpected result. 
When the discharge between a and 4 occurred, the wires were aglow with 
the electric waves. (There was no rider across / and £’.) 

The observer working the machine sees, at every discharge of the pri- 
mary, the wires momentarily illuminated. But all parts of the wire are not 
illuminated alike. At some points of the negative wire, the circle of illu- 
mination is little larger than the wire itself. Halfway between two such 
points, the circle of illumination is often 4 cm. in diameter.» The whole 
presents the appearance of a solid sine wave — not unlike the appearance 
of circularly vibrating strings. 

Looking at these waves from the side instead of from the end, the phe- 
nomena are different. The nodes and crests are distinct as before, but 
the illumination no longer appears continuous. In a plane normal to the 
negative wire, a fine illuminated rectilinear discharge, in the form of rays 
or pencils, occurs. These rays are often branched. They- radiate from 
the wire as a center, and form a circle about the same, often 4 cm. in diam- 
eter at the crest of the wave. At a distance of 6 mm. to 10 mm. on either 


1 Rubens and Ritter, Wiedemann’s Annalen, Vol. 40, p. 55, and subsequent volumes. 
2 See p. 152. 
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side of the crest appears another such illuminated circle. These circles 
diminish in size a$ the node is approached. The circumferences of these 
circles form the solid sine curve. 

The positive discharge was entirely different. The crests and nodes upon 
the positive wire were only apparent to a close observer, and were not dis- 
tinguishable at all until the room was well darkened and a wood screen so 
placed as to cut off the light radiated by the Crookes tube. The circles 
of illumination, so apparent upon the negative wire, were entirely absent. 
The illumination of the wire was continuous, and confined almost to the 
surface of the wire. The light emitted by the crest of the wave seemed 
only more intense than that emitted by the node. Only those who had 
some experience in photometric measurements could easily detect a dif- 
ference. ‘The waves along the negative wire can be made visible to an 
entire audience by cutting off the light of the Crookes tube. The eyes 
should be protected from the spark of the primary discharge. However, 
shielding the wire from the light of the discharge is detrimental. 

The negative wire was used for determination of wave-lengths. With a 
spark-gap of 47 mm. there was one node at the middle of the wire. On 
diminishing the striking distance no nodes appeared until a distance of 
30 mm. was reached. There were now two nodes at a distance of 4 m. 
from each other, and nearly symmetrically located as to the ends of the 
wire. Ata striking distance of 23 mm. the nodes appeared again. The 
effect was now more beautiful. A fundamental wave, whose half-wave- 
length varied from 180 cm. to 185 cm., was obtained, upon which were 
superimposed at times two other waves, corresponding to the first and 
second octave. Measurement showed their half-wave-lengths to be 87 cm. 
to 92 cm., and 40 cm. to 45 cm., in length respectively. These harmonics 
would die out and in their place would appear a half-wave varying in 
length from 58 cm. to 62 cm. Measurements at this striking distance 
were easily made when the waves were once established. However, there 
seemed to be something necessary more than obtaining a spark-gap of 
23mm. Only after long-continued effort could they be duplicated. The 
fundamental wave was easily obtained. At the longer striking distances 
the nodes shifted frequently 20 cm. Coincident with this change oc- 
curred a decided difference in the tone of the primary discharge. A little 
observation showed that the spark of the primary discharge was longer 
when the report was less decisive. When the spark-gap was diminished to 
17 mm., half-wave-lengths varying from 45 cm. to 53 cm. were obtained. 
The discharges of the primary followed each other now very rapidly, and the 
phenomenon became very pleasing to spectators. ‘The node points varied 
with every change in the sound of the primary discharge. Yet this change 
was not so distinct that all or even a greater part of the observers could 
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see it when their attention was called to it. When the spark-gap was 
reduced to 10 mm. or 12 mm., a shower of sparks occurred. It then 
became impossible to locate nodes. Over half of the wire was not illumi- 
nated. However, in the neighborhood of the crests the discharge was 
brilliant and nearly as large as in the longer waves. The successive rings 
died out so rapidly that one could have located the top of the crests within 
one mm., had they not shifted so much along the wire with the ever vary- 
ing length of the spark between electrodes. ‘The machine used consisted 
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of two parts, upon one of which the driving belt slipped considerably. 
This enabled one to obtain a very beautiful effect. The sparks would 
follow each other at about the rate of five to a second, and then cease for 
about the same period. Every time the sparks ceased there would occur 
a splash at the crest of the wave. 

The polarity of the machine would change nearly every time it was 
stopped. This action was attributed to the condensers. By the arrange- 
ments of the circuit they would charge the machine every time it was set 
in motion. As a result the negative discharge was continually changing 
wires. 

One wire was now removed. The condenser to which this wire was 
attached and the corresponding side of the Crookes tube were grounded. 
The half-wave-lengths were again determined and found to differ in no 
respect from those already mentioned. One inconvenience arises, however, 
with this arrangement: since it is desirable to have the wire with which 
one is working negative, it becomes generally necessary, after stopping the 
machine, to start it, then to stop and to start it again, before one can get 
the wire charged the same as at the beginning. 

This method of showing electric waves is particularly serviceable for 
lecture purposes. A general audience can more highly appreciate it, as 
no process of inductive reasoning is involved. The waves stand out 
vividly and are no abstractions. 


UNIVERSITY OF ILLINOIs, June, 1896. 
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NoTE ON THE REFRACTIVE INDEX OF WATER AND ALCOHOL 
FOR ELECTRICAL WAVES. 


By JoHN F. MOHLER. 


N reviewing an article by A. D. Cole on the “ Refractive Index and 
Reflecting Power of Water and Alcohol for Electrical Waves,’’' Pro- 
fessor Rowland called my attention to the fact that in the first part of the 
paper the author had ignored an important factor introduced by the 
absorption of the medium ; a factor which in the latter part of the article 
he shows to be very prominent. 
As one object of the experiment is to prove or disprove Maxwell’s 
electro-magnetic theory of light, I will begin with his equations for a 
plane wave : 


dF dF 
Kp =y'F, 
(1) 
Ku + (2) 
1H 
+4 =H, (3) 


where X is the specific inductive capacity, » the magnetic permeability, 
F, G, and # the displacement in the direction of the three axes, ¢ is the 
time, and C the conductivity. 

If we consider a plane wave propagated in the direction of the axis of 
x, F becomes zero, and a solution of (2) is 


G (4) 
with a similar solution for #7. In this equation 7=V—1, b=, and 


4 is the dampened velocity of the disturbance in the medium. 
Substituting (4) in (2) and equating the real and imaginary parts, we 
have 


— —h? + 6 =0, (5) 

4mpChv — 2hb=0, (6) 

or h = 2 (7) 

d = 8 

an PRatarec (8) 


If C=o0, #.e. if the medium is non-conducting, v* = 2 = V*, the veloc- 
ity in the medium if there is no absorption. 


1 PuysicaL Review, Vol. IV., p. 50, 1896; Wied. Ann., 57, p. 290, 1896. 
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However, C is zof zero, and from equation (5) we have 


(9) 


Now to find the meaning and value of the constant 4, we can write equa- 


tion (4) in the form 
G = Ae™ cos b(vt—x), (10) 


Which shows that e~* is the damping factor. Mr. Cole’s experiments 
show that the damping for both water and alcohol was very great for short 


waves. For 0.4 cm. of water the absorption was 33 per cent of the incident 
radiation, therefore 0.67 = e~#, which gives for 4 the value 1.014. 


b ==, and in his exponent A = 5 cm. 
‘ b = 1.2566 ; 
2 2 
then = 0.6511, 
1.2566 
0.59 V. 


This shows that if the first method of experiment had been used with waves 
5 cm. long, the measured distance between the bridges would have been 
shortened 41 per cent 4y adsorption, and the value of the index of refrac- 
tion would have been 1.61 times what it ought to have been. He did not 
use this method, however, for finding the index of refraction for short 
waves, but the experiment shows that there was also quite strong absorp- 
tion for the long waves. He could find only four bridge positions, three 
half-wave-lengths for water, and for alcohol only one half-wave-length could 
be measured. 

His results by the first method, then, would give values for the index of 
refraction that are too large, the error depending on the absorption of the 
energy by the medium. His results, therefore, which give a refractive index 
of 5.24 for alcohol for long waves and 3.2 for short waves, do nof prove 
that the refractive index of alcohol is greater for long than for short oscil- 
lations. Neither does his work prove that the index of refraction of water 
is the same for long and short waves. An experiment to determine the 
absorption of water and alcohol for the long waves used will be necessary 
in order to find out the factor with which to correct the values given in the 
first part of the paper. , 


DICKINSON COLLEGE, CARLISLE, PA. 
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NEW BOOKS. 


Theoretical Chemistry from the Standpoint of Avogadro's Rule and 
Thermodynamics. By W. Nernst. ‘Translated by C.S. Patmer. Mac- 
millan, 1895. 


To all who are interested in physical chemistry this work, in one of its 
German forms, must already be familiar. It first appeared as an intro- 
ductory section in the first volume of Dammer’s Anorganische Chemie, the 
preface bearing the date May, 1891. ‘Two years later it was brought out 
as a separate volume, after having been somewhat changed and enlarged. 
The preface to this edition is dated April, 1893. The translation before 
us appeared after nearly two years more, Professor Palmer dating his 
preface December, 1894. The latest work finds a place in an appendix 
which consists of extracts from Professor Nernst’s articles on “ Physical 
Chemistry” in Meyer’s Jahrbuch der Chemie. 

Professor Nernst’s book meets, partially, the need of a text-book of 
physical chemistry for students who have passed the stage of Ostwald’s 
Grundriss, and who are familiar with the elements of calculus and of 
thermodynamics. It does not aim at the completeness of the second 
edition of Ostwald’s large Lehrbuch der Allgemeinen Chemie, and it thereby 
avoids some of Ostwald’s diffuseness. Looked at by itself, the book seems 
to treat its subjects with very unequal fulness, but when we consider the 
time of its appearance, we understand the arrangement better. The great 
need was for a treatment of chemical mechanics, since Ostwald’s volume 
on that subject was not to be expected immediately (indeed it has not yet 
appeared), while his first edition was out of date. The fullest parts of 
Professor Nernst’s work are, whether for this reason or not, those devoted 
to chemical mechanics. It might have been expected that electro-chemistry, 
upon which no one is better qualified to write than Professor Nernst, would 
be treated in detail. We find, however, this section hardly more than out- 
lined in a single chapter of only twenty-six pages. This may, possibly, 
have been due to the fact that Ostwald’s volume on electro-chemistry was 
soon to appear. Ostwald’s work, when it did come out, was so carelessly 
and unsatisfactorily done that it is much to be regretted that Professor 
Nernst limited his treatment of electro-chemistry to so small a compass. 

The work begins with an introductory chapter devoted to the statement 
of a few general laws and principles, including the two laws of thermody- 
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namics. A somewhat obscure deduction is given of the free energy 
equation, 
A—U=T 

which form of the second law is used consistently all through the volume. 
Following this introduction comes Book I. (120 pp.), on the universal 
properties of matter, with chapters on the gaseous, liquid, and solid states 
of aggregation, the physical mixture, and dilute solutions. 

Book II. (200 pp.) is devoted to the ideas “ Atom” and “ Molecule.” 
Its ten chapters treat — the atomic theory, the kinetic theory of the mole- 
cule, molecular weights, the constitution of the molecule, physical proper- 
ties and molecular structure, dissociation of gases, electrolytic dissociation, 
the physical properties of salt solutions, colloidal solutions, and the absolute 
size of the molecules. The atomic and molecular theories are well set 
forth in this book, but it seems to us a mistake to use the kinetic hypothe- 
ses so freely as is done throughout the work. What we need at present 
is not to have the usefulness of the kinetic-molecular hypotheses set forth ; 
we are all somewhat familiar with that already. We need rather to have it 
shown how much may be done by thermodynamics or by Lagrange’s 
method of generalized codrdinates, without the aid of any molecular theory 
whatever: to have our minds freed from the sway of hypotheses, which are 
of only pedagogical value, and accustomed to the use of principles, which 
are based on experiment and not on abstractions. Professor Nernst goes 
a long way in the right direction in using thermodynamics as much as he 
does. We should have liked to see him go farther, even at the risk of giv- 
ing a one-sided view of chemical theory as it exists to-day ; for a writer of 
so much originality can well afford to slight stereotyped views for the sake 
of giving us something newer if less developed. 

Book III. (140 pp.) considers the transformations of matter, or the sub- 
ject of chemical reaction, so far as it can be treated aside from any accom- 
panying transformations of energy. ‘The basis of the whole is, of course, 
Guldberg and Waage’s mass law, which forms in especial the subject of the 
first chapter. In the remaining four chapters the author occupies himself 
with chemical equilibrium in homogeneous systems, heterogeneous systems, 
and salt solutions, and with reaction velocities or chemical kinetics. 

Book IV. (140 pp.) is headed, “The Transformations of Energy,” 
and deals with chemical reactions as accompanied by transformations of 
energy. Chapter I. is on thermochemistry in the ordinary sense, that is, 
as an application or illustration of the first law of thermodynamics. 
Chapter II. starts with a deduction of the phase rule. This deduction 
may be “simple” as is stated, but Gibbs’ own proof seems to us far more 
clear and convincing even if less brief. The rest of the chapter is devoted 
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to various cases of complete equilibrium illustrative of the phase rule. 
Chapter III. treats of the effects of changes of temperature on incomplete 
equilibria, and starts with thermodynamic deductions of the mass law 


equation : 
=K 
and of van’t Hoff’s equation : 
d 


These deductions, which do not seem to us to be very clear, are followed 
by some interesting applications of the theory to experiment. Chapter IV. 
is on the influence of temperature on reaction velocity. Chapter V. is 
mainly devoted to Berthelot’s celebrated Zvrotsi¢me Principe, of which 
about all that can be said is that, for a false principle, it is surprisingly 
true. Chapter VI., which might have been developed into a whole book, 
contains an outline of electro-chemistry, which, if all too short, is, at least, 
a pleasing contrast to Ostwald’s 486 pages on the same subject. Photo- 
chemistry is the theme of the closing chapter of the whole work. 

The third and fourth books have always been to us by far the most 
interesting, and yet they always give us a certain feeling of disorder and 
lack of systematic arrangement. They might, perhaps, have been im- 
proved in this respect by introducing the phase rule at the very beginning, 
classifying everything under that, and taking more pains that points which, 
though of practical interest, are aside from the main line of the theory, 
should occupy distinctly subordinate positions. But, when all is said, 
this latter half of the work remains the best single treatise on the subject 
which we know. 

We should like to recommend the result of Professor Nernst’s labors 
to our friends the pure chemists, but we should have first to suggest to 
most of them a good primer on the calculus and a second on thermo- 
dynamics. The physical chemist does not need to be told that Nernst 
is worth reading. It is to the physicist that this notice is addressed, and 
we can assure him that the slightest knowledge of chemistry is enough to 
make Professor Nernst’s book very interesting indeed, and very instructive. 

It is, unfortunately, necessary in closing to speak of the work of the 
translator. He has produced the worst translation we have ever seen. 
The sense of the original is often imperfectly or incorrectly given, and the 
English is grotesque. A few cases of mistranslation may serve as examples. 
On p. 63 the word “ series” is given as a translation of “glied” in 
speaking of a term in a formula. At p. 116, line 2, we have, “it therefore 
remains to describe them,” for the German “es soll daher ihre Bespre- 
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chung unterbieiben,” the sense of the translation being opposite to that 
of the original. At p. 250, line 31, the German “ in/vamolekularen”’ is 
rendered by “inérmolecular.” This mistake, which occurs in other 
places, does not speak well for the translator’s familiarity with either 
Chemistry or Latin. At p. 473, line 28, there is a curious admission 
of inability to translate “tagelang,” which means “for days.” At p. 532, 
line 35, we have “was fortunately discovered by Roozeboom in an in- 
vestigation,” etc. The German being “ wurde von Roozeboom ge/egentlich 
einer Untersuchung . . . aufgedeckt.”. We can, on demand, cite other 
cases as bad as these, but more would be superfluous here. To appreciate 
the force of our remark on the English one must read the translation. 
The continued misuse of shall and will is, to our ears, one of the most 
unpleasant faults. 

We are sorry to have to say this of a translation which we awaited so 
impatiently ; for, in spite of its defects, we use it constantly as a text-book 
for students who are not familiar with German. We must, however, 
recommend the original of 1893 (F. Enke, Stuttgart) to all who can 


read it. 
ead EpGarR BUCKINGHAM. 


BryN Mawr. 


Die Spectralanalyse. Dr. JoHN LANDAUER. pp. vii+1!74. 
Braunschweig, Vieweg, 1896. 


This little treatise is a reprint of a cyclopedia article. Its usefulness to 
the physicist will nevertheless be found to be considerable on account of 
the very full biographical references, and because we have here brought 
together into compact form tabular data concerning the spectra of nearly 
all the elements. These tables are made up from nearly all the available 
sources, including such of Rowland’s data as were obtainable at the time 
that the book was compiled. It was the author’s misfortune to have com- 
pleted his work just before the publication of Rowland’s later table of 
wave-lengths, which would have added greatly to the value of the volume. 

Wave-lengths are denoted in accordance with the system generally 
adopted by spectroscopists in America, which places the decimal point so 
as to express wave-lengths in ten-millionths of a millimeter. The wisdom 
of the adoption of this system over others which have been in vogue is not 
altogether clear ; but uniformity of practice is the first consideration, and it 
is gratifyirig, therefore, to find this work in conformity with the system 
which a majority of writers have agreed to use. The author is not entirely 
consistent in this matter, however. He uses occasionally the system sug- 
gested by Kayser, which pushes the decimal point one place further to 
the left. Thus on p. 46 we find the wave-lengths of the visible spectrum 
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spoken of as lying between 400up and 760~p. The diagrams of absorp- 
tion spectra on pp. 51 and 130 are also marked in accordance with that 
system. Fortunately no confusion is likely to arise. The range of values 
occupied by the wave-lengths with which the spectroscopist has to deal is 
not sufficient to make it possible to mistake one region for another. It is 
to be regretted that the system of designating wave-lengths in all works 
should not conform to the plan of using mi//ionths of a centimeter as a basis, 
rather than some other multiple. 

The illustrations used in this little work are for the most part old and 
familiar to the eyes of all readers. The historical sketch with which the 
volume opens is, however, a very satisfactory one, and the descriptions of 
the development of the science are terse and for the most part accurate. 

Dr. Landauer is to be congratulated upon having brought so much that 


is serviceable together in so small a space. 
E. L. NICHOLS. 


The Principles of Physics. By A. P. GAGE. 8vo. pp. ix, 634. 
Boston, Ginn & Co., 1895. 


Although this work is an outgrowth of Gage’s Eiements of Physics, so 
long and favorably known as an elementary text-book, it has been so 
thoroughly revised, and so greatly enlarged, as to constitute practically a 
new book. The first aim of the author has been to present the subject in 
a form suitable for the students of our best high schools and academies ; 
but sufficient additional matter has been provided, in small type, to make 
the book available for the non-technical students of many colleges. 

Such a work must of necessity be largely descriptive. Scientific educa- 
tion in this country has not yet reached such general development that we 
may expect to find the equipment of all our high schools adequate to a 
course of experimental lectures or laboratory work. To provide, as far as 
possible, for the case of schools whose equipment is insufficient, the author 
has introduced a considerable amount of purely descriptive matter, as well 
as numerous illustrative experiments. These additions account for the fact 
that the volume before us is noticeably larger than its predecessor. The 
phenomena and experiments described have been chosen, however, with 
great care, and are presented in direct and logical connection with the 
principles which they are to illustrate. While the book contains sufficient 
suggestive matter to convince the student that there is something to be 
learned besides what is contained in his text-book, it is by no means open 
to the objection of being bulky or diffuse. There are several text-books in 
use at the present time which are not free from these faults. 

It is hardly to be expected that all teachers should agree as to exactly 
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what should be presented and what omitted in a book suchas this. While 
my own views seem to be in the main in agreement with those of the author, 
there are, nevertheless, a few cases in which I should have preferred a 
different treatment. In the subject of electrostatics and of magnetism, for 
example, the conception and use of lines of force have not been given the 
prominence which I think they deserve. Again, in the subject of light, 
the brief but excellent treatment of interference seems lacking in one 
particular; namely, in the explanation of the rectilinear propagation of 
light as a result of the interference of secondary waves. This subject is a 
difficult one to present in a satisfactory elementary form, but it is of such 
importance in a true understanding of the wave theory that its omission 
seems a mistake. The explanation of electrolysis is based upon a slightly 
modified form of Grotthus’ hypothesis. I am unable to see that this 
presents any advantage, as regards simplicity, over the theory of dissociation, 
while the latter has now acquired such importance, both in physics and 
chemistry, that at least a brief statement of its main features is highly 
desirable. Similar remarks might be made regarding the treatment of 
osmosis. 

The mathematical treatment throughout is of the simplest description, 
and this simplicity constitutes in my opinion one of the good features of the 
book. An abundance of formulas in an elementary text-book, no matter 
how simple they may be, will give to the student the impression that the 
difficulties of the subject are mathematical ones ; whereas the true difficulty 
in teaching the subject is to give to the beginner clear physica/ ideas. If 
these are once thoroughly acquired, the mathematical treatment which 
comes later will be easy. The book abounds in well chosen problems, such 
as can usually be solved by arithmetic and physical common sense. Answers 
are not given. Several useful tables of constants, units, etc., are contained 
in an appendix. 

No thoroughly satisfactory opinion can be formed of a text-book until 
one has actually used it in teaching. Speaking without such experience, I 
can only say in summing up, that the impression which the book has made 
upon me has been very favorable, and that in a careful reading I have not 
found a single statement that could be put down as inaccurate or misleading. 


ERNEST MERRITT. 
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